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Remarks/ Arguments 

The foregoing amendments to the claims are of a formal nature, and do not add new 
matter. Claims 124-126, 129-131 and 135-138 are pending in this application. Claims 124-126 
and 129-130 have been amended to remove reference to Figures for clarity. New claims 139-142 
have been added, support for which can be found in the instant specification on page 312, line 
33. The new claims recite "at least 30 nucleotides" that hybridize under high stringency 
conditions recited in the claim to SEQ ID NO: 19 or ATCC accession number 209792, which are 
not anticipated by Conklin (U.S.P.N. 6,046,028). Entry of these claims is respectfully requested. 
Accordingly, Claims 124-126, 129-131, 135-142 are now pending in this application. The 
rejection to the presently pending claims is respectfully traversed. 

Claim Rejections - 35 USC S 101 and §112, first paragraph 

Claims 124-126, 129-131 and 135-138 are rejected under 35 U.S.C. §101 because 
allegedly "the claimed invention is not supported by either a credible, specific and substantial 
asserted utility or a well established utility." Claims 124-126, 129-131 and 135-138 are further 
rejected under 35 U.S.C. §112, first paragraph allegedly "since the claimed invention is not 
supported by either a specific and substantial asserted utility or a well established utility, one 
skilled in the art would not know how to use the claimed invention." Applicants respectfully 
traverse this rejection. 

The Examiner contends that "PR0341 tested positive in only 3 out of 14 lung tumor 
samples" and concludes that this does not indicate that PR0341 is a diagnostic marker for lung 
cancer. The Examiner further quotes Hittelman who teaches that "damaged, precancerous lung 
epithelium is often aneuploid" and asserts that "the gene amplification assay does not provide a 
comparison between the lung tumor sample and normal lung epithelium, and thus it is not clear 
whether PR0341 is amplified in cancerous lung epithelium more than in damaged (non- 
cancerous) lung epithelium. The Examiner further asserts that "the claims are broadly drawn to 
variants of SEQ ID NO: 19 including fragments and degenerate variants. . .one skilled in the art 
would expect that such variants would lose their specificity as probes for the target sequence. . . 
therefore the utility and enablement would not convey to the claimed variants." Applicants 
respectfully traverse these rejections. 
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Utility Guidelines 

According to the Utility Examination Guidelines ("Utility Guidelines"), 66 Fed. Reg. 
1092 (2001) an invention complies with the utility requirement of 35 U.S.C. § 101, if it has at 
least one asserted "specific, substantial, and credible utility" or a "well-established utility." 

Under the Utility Guidelines, a utility is "specific" when it is particular to the subject 
matter claimed. For example, it is generally not enough to state that a nucleic acid is useful as a 
diagnostic without also identifying the conditions that is to be diagnosed. 

The requirement of "substantial utility" defines a "real world" use, and derives from the 
Supreme Court's holding in Brenner v. Manson, 383 U.S. 519, 534 (1966) stating that "The basic 
quid pro quo contemplated by the Constitution and the Congress for granting a patent monopoly 
is the benefit derived by the public from an invention with substantial utility." In explaining the 
"substantial utility" standard, M.P.E.P. 2107.01 cautions, however, that Office personnel must be 
careful not to interpret the phrase "immediate benefit to the public 11 or similar formulations used 
in certain court decisions to mean that products or services based on the claimed invention must 
be "currently available" to the public in order to satisfy the utility requirement. "Rather, any 
reasonable use that an applicant has identified for the invention that can be viewed as providing a 
public benefit should be accepted as sufficient, at least with regard to defining a "substantial" 
utility." (M.P.E.P. 2107.01, emphasis added.) Indeed, the Guidelines for Examination of 
Applications for Compliance with the Utility Requirement, set forth in M.P.E.P, 2107 II (B) (1) 
gives the following instruction to patent examiners: "If the ( Applicant has asserted that the 
claimed invention is useful for any particular practical purpose . . . and the assertion would be 
considered credible by a person of ordinary skill in the art, do not impose a rejection based on 
lack of utility." 

Finally, the Utility Guidelines restate the Patent Office's long established position that 
any asserted utility has to be "credible." "Credibility is assessed from the perspective of one of 
ordinary skill in the art in view of the disclosure and any other evidence of record . . . that is 
probative of the Applicant's assertions " (M.P.E.P. 2107 II (B) (1) (ii)) Such standard is 
presumptively satisfied unless the logic underlying the assertion is seriously flawed, or if the 
facts upon which the assertion is based are inconsistent with the logic underlying the assertion 
(Revised Interim Utility Guidelines Training Materials, 1999). 
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To overcome the presumption of truth based on an assertion of utility by the Applicant, 
the Examiner must establish that it is more likely than not that one of ordinary skill in the art 
would doubt the truth of the statement of utility. Absolute predictability is not a requirement 
Only after the Examiner has made a proper prima facie showing of lack of utility, does the 
burden of rebuttal shift to the applicant. The issue will then be decided on the totality of 
evidence. 

Arguments 

Applicants have asserted a specific and substantial utility for naturally occurring nucleic 
acids encoding PR0341 as a lung tumor marker based on the amplification of the DNA in 
squamous cell lung carcinomas (see page 546, Table 8). Based on this data, this utility would be 
accepted as credible by one of skill in the art, according to the Utility standard requirements. 

Regarding Hittelman, as acknowledged by the Examiner, whether a pre-cancerous or 
tumor sample were analyzed, the showing of DNA amplification of PR0341 DNA would still be 
significant, since it would lead to the diagnosis of either a pre-cancerous state (propensity 
towards lung squamous carcinoma) or squamous lung carcinoma itself, which is the utility 
asserted here. 

Further, as asserted above, the claims are not broadly drawn to all variants; instead, they 
are drawn to naturally occurring nucleic acids encoding PR0341 that are amplified in squamous 
cell lung carcinomas. Based on the instant disclosure, which details how to make and use nucleic 
acid variants (see pages 308-31 1) and the advanced knowledge in the art at the time of filing, one 
skilled in the art would know exactly what nucleic acid variants the instant claims encompass 
and would know how to make and use these nucleic acids for the diagnosis of squamous lung 
carcinoma; for example, by using diagnostic methods based on hybridization to such amplified 
sequences. 

Accordingly, the present 35 U.S.C. §101and §112, first paragraph utility rejections should 
be withdrawn. 

The present application is believed to be in prima facie condition for allowance, and an 
early action to that effect is respectfully solicited. 
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Please charge any additional fees, including any fees for additional extension of time, or 
credit overpayment to Deposit Account No. 08-1641 (Attorney Docket No.: 39780-2730P1C48). 
Please direct any calls in connection with this application to the undersigned at the number 
provided below. 



HELLER EHRMAN WHITE & McAULIFFE LLP 
Customer No. 35489 

275 MiddlefieldRoad 
Menlo Park, California 94025 
Telephone: (650)324-7000 
Facsimile: (650) 324-0638 



Respectfully submitted, 



Date: July 7, 2004 




Daphne Reddy 
Reg. No. 53,507 



2039091 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

Group Art Unit 1647 

CERTIFICATE OF EXPRESS MAILING 

I hereby certify that this correspondence is 
being deposited with the United States 
Postal Service with sufficient postage as 
first class mail in an envelope addressed to 
Commissioner of Patents, Washington 
D.C. 2023 Ion: 



(Date) 



Commissioner of Patents 

P.O. Box 1450 

Alexandria, VA 22313-1450 

DECLARATION OF AVI ASHKENAZL Ph.D UNDER 37 C.FJL 6 1.132 

I, Avi Ashkenazi, Ph.D. declare and say as follows: - 

1 . I am Director and Staff Scientist at the Molecular Oncology Department of 
Genentech, Inc., South San Francisco, CA 94080. 

2. I joined Genentech in 1988 as a postdoctoral fellow. Since then, I have 
investigated a variety of cellular signal transduction mechanisms, including apoptosis, and have 
developed technologies to modulate such mechanisms as a means of therapeutic intervention in 
cancer and autoimmune disease. I am currently involved in the investigation of a series of 
secreted proteins over-expressed in tumors, with the aim to identify useful targets for the 
development of therapeutic antibodies for cancer treatment. 

3. My scientific Curriculum Vitae, including my list of publications, is attached to 
and forms part of this Declaration (Exhibit A). 

4. Gene amplification is a process in which chromosomes undergo changes to 
contain multiple copies of certain genes that normally exist as a single copy, and is an important 
factor in the pathophysiology of cancer. Amplification of certain genes (e.g., Myc or Her2/Neu) 
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gives cancer cells a growth or survival advantage relative to normal cells, and might also provide 
a mechanism of tumor cell resistance to chemotherapy or radiotherapy. 

5. If gene amplification results in over-expression of the mRNA and the 
corresponding gene product, then it identifies that gene product as a promising target for cancer 
therapy, for example by the therapeutic antibody approach. Even in the absence of over- 
expression of the gene product, amplification of a cancer marker gene - as detected, for example, 
by the reverse transcriptase TaqMan® PCR or the fluorescence in situ hybridization (FISH) 
assays -is useful in the diagnosis or classification of cancer, or in predicting or monitoring the 
efficacy of cancer therapy. An increase in gene copy number can result not only from 
intrachromosomal changes but also from chromosomal aneuploidy. It is important to understand 
that detection of gene amplification can be used for cancer diagnosis even if the determination 
includes measurement of chromosomal aneuploidy. Indeed, as long as a significant difference 
relative to normal tissue is detected, it is irrelevant if the signal originates from an increase in the 
number of gene copies per chromosome and/or an abnormal number of chromosomes. 

6. I understand that according to the Patent Office, absent data demonstrating that 
the increased copy number of a gene in certain types of cancer leads to increased expression of 
its product, gene amplification data are insufficient to provide substantial utility or well 
established utility for the gene product (the encoded polypeptide), or an antibody specifically 
binding the encoded polypeptide. However, even when amplification of a cancer marker gene 
does not result in significant over-expression of the corresponding gene product, this very 
absence of gene product over-expression still provides significant information for cancer 
diagnosis and treatment. Thus, if over-expression of the gene product does not parallel gene 
amplification in certain tumor types but does so in others, then parallel monitoring of gene 
amplification and gene product over-expression enables more accurate tumor classification and 
hence better determination of suitable therapy. In addition, absence of over-expression is crucial 
information for the practicing clinician. If a gene is amplified but the corresponding gene 
product is not over-expressed, the clinician accordingly will decide not to treat a patient with 
agents that target that gene product. 

7. I hereby declare that all statements made herein of my own knowledge are true 
and that all statements made on information or belief are believed to be true, and further that 
these statements were made with the knowledge that willful false statements and the like so 



made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the 
United States Code and that such willful statements may jeopardize the validity of the 
application or any patent issued thereon. 



By: /IyiM^^p Date: c\j\sloy 

Avi Ashkenazi, Ph.D. ' 
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52. Johnsen, A.-C, Haux, J., Steinkjer, B., Nonstad, U., Egeberg, K., Sundan, A., 
Ashkenazi, A., and Espevik, T. Regulation of Apo2L/TRAIL expression in NK 
cells - involvement in NK cell-mediated cytotoxicity. Cytokine 11, 664-672 
(1999). 

53. Roth, W., Isenmann, S., Naumann, U., Kugler, S., Bahr, M., Dichgans, 
Ashkenazi, A. , and Weller, M. Eradication of intracranial human malignant 
glioma xenografts by Apo2L/TRAIL. Biochem. Biophys. Res. Commun. 265, 479- 
483 (1999). 

54. Hymowitz, S.G., Christinger, H.W., Fuh, G., Ultsch, M., O'Connell, M., Kelley, 
R.F., Ashkenazi, A. and de Vos, A.M. Triggering Cell Death: The Crystal 
Structure of Apo2L/TRAIL in a Complex with Death Receptor 5. Molec. Cell 4, 
563-571 (1999). 

55. Hymowitz, S.G., O'Connel, M.P., Utsch, M.H., Hurst, A., Totpal, K., Ashkenazi. 
A., de Vos, A.M., Kelley, R.F. A unique zinc-binding site revealed by a high- 
resolution X-ray structure of homotrimeric Apo2L/TRAIL. Biochemistry 39, 633- 
640(2000). 

56. Zhou, Q., Fukushima, P., DeGraff, W., Mitchell, J.B., Stetler-Stevenson, M., 
Ashkenazi, A., and Steeg, P.S. Radiation and the Apo2L/TRAIL apoptotic 
pathway preferentially inhibit the colonization of premalignant human breast 
cancer cells overexpressing cyclin D 1 . Cancer Res. 60, 2611-2615 (2000). 

57. Kischkel, F.C., Lawrence, D. A., Chuntharapai, A., Schow, P., Kim, J., and 
Ashkenazi, A. Apo2L/TRAIL-dependent recruitment of endogenous FADD and 
Caspase-8 to death receptors 4 and 5. Immunity 12, 61 1-620 (2000). 

58. Yan, M., Marsters, S.A., Grewal, I.S., Wang, H., * Ashkenazi, A., and *Dixit, 
V.M. Identification of a receptor for BlyS demonstrates a crucial role in humoral 
immunity. Nature Immunol 1, 37-41 (2000). 
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59. Marsters, S.A., Yan, M., Pitti, R.M., Haas, P.E., Dixit, V.M., and Ashkenazu A. 
Interaction of the TNF homologues BLyS and APRIL with the TNF receptor 
homologues BCMA and TACL Curr. Biol 10, 785-788 (2000). 

60. Kischkel, F.C., and Ashkenazi. A . Combining enhanced metabolic labeling with 
immunoblotting to detect interactions of endogenous cellular proteins. 
Biotechniques 29, 506-512 (2000). 

61. Lawrence, D., Shahrokh, Z., Marsters, S., Achilles, K., Shih, D. Mounho, B., 
Hillan, K., Totpal, K. DeForge, L., Schow, P., Hooley, J., Sherwood, S., Pai, R., 
Leung, S., Khan, L., Gliniak, B., Bussiere, J., Smith, C, Strom, S., Kelley, S., 
Fox, J., Thomas, D., and Ashkenazi. A. Differential hepatocyte toxicity of 
recombinant Apo2L/TRAIL versions. Nature Med. 7, 383-385 (2001). 

62. Chuntharapai, A., Dodge, K., Grimmer, K., Schroeder, K., Martsters, S.A., 
Koeppen, H., Ashkenazi, A ., and Kim, KJ. Isotype-dependent inhibition of 
tumor growth in vivo by monoclonal antibodies to death receptor 4. J. Immunol 
166, 4891-4898 (2001). 

63. Pollack, I.F., Erff, M., and Ashkenazi. A . Direct stimulation of apoptotic 
signaling by soluble Apo2L/tumor necrosis factor-related apoptosis-inducing 
ligand leads to selective killing of glioma cells. Clin. Cancer Res. 7, 1362-1369 
(2001). 

64. Wang, H., Marsters, S.A., Baker, T., Chan, B., Lee, W.P., Fu, L., Tumas, D., Yan, 
M., Dixit, V.M., *AshkenazLA, and *Grewal, I.S. TACI-ligand interactions are 
required for T cell activation and collagen-induced arthritis in mice. Nature 
Immunol 2, 632-637 (2001). 

65. Kischkel, F.C., Lawrence, D. A., Tinel, A., Virmani, A., Schow, P., Gazdar, A., 
Blenis, J., Arnott, D., and Ashkenazi. A . Death receptor recruitment of 
endogenous caspase-10 and apoptosis initiation in the absence of caspase-8. J. 
Biol Chem. 276, 46639-46646 (2001). 

66. LeBlanc, H., Lawrence, D.A., Varfolomeev, E., Totpal, K., Morlan, J., Schow, P., 
Fong, S., Schwall, R., Sinicropi, D., and Ashkenazi. A Tumor cell resistance to 
death receptor induced apoptosis through mutational inactivation of the 
proapoptotitc Bcl-2 homolog Bax. Nature Med. 8, 274-281 (2002). 

67. Miller, K., Meng, G., Liu, J., Hurst, A., Hsei, V., Wong, W-L., Ekert, R., 
Lawrence, D., Sherwood, S., DeForge, L., Gaudreault., Keller, G., Sliwkowski, 
M., Ashkenazi. A ., and Presta, L. Design, Construction, and analyses of 
multivalent antibodies. J. Immunol 170, 4854-4861 (2003). 
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68. Varfolomeev, E., Kischkel, F., Martin, F., Wanh, H., Lawrence, D., Olsson, C, 
Tom, L., Erickson, S., French, D., Schow, P., Grewal, I. and Ashkenazi, A. 
Immune system development in APRIL knockout mice. Submitted. 

Review articles: 

1. Ashkenazi. A., Peralta, E., Winslow, J., Ramachandran, J., and Capon, D., J. 
Functional role of muscarinic acetylcholine receptor subtype diversity. Cold 
Spring Harbor Symposium on Quantitative Biology. LIII, 263-272 (1988). 

2. Ashkenazi, A .. Peralta, E., Winslow, J., Ramachandran, J., and Capon, D. 
Functional diversity of muscarinic receptor subtypes in cellular signal 
transduction and growth. Trends Pharmacol. Scu Dec Supplement, 12-21 (1989). 

3. Chamow, S., Duliege, A., Ammann, A., Kahn, J., Allen, D., Eichberg, J., Byrn, 
R., Capon, D., Ward, R., and Ashkenazi A . CD4 immunoadhesins in anti-HIV 
therapy: new developments. Int. J. Cancer Supplement 7, 69-72 (1992). 

4. Ashkenazi, A ., Capon, and D. Ward, R. Immunoadhesins. Int. Rev. Immunol* 10, 
217-225(1993). 

5. Ashkenazi, A ., and Peralta, E. Muscarinic Receptors. In Handbook of Receptors 
and Channels. (S. Peroutka, ed.), CRC Press, Boca Raton, Vol. I, p. 1-27, (1994). 

6. Krantz, S. B., Means, R. T., Jr., Lina, J., Marsters, S. A., and Ashkenazi. A . 
Inhibition of erythroid colony formation in vitro by gamma interferon. In 
Molecular Biology of Hematopoiesis (N. Abraham, R. Shadduck, A. Levine F. 
Takaku, eds.) Intercept Ltd. Paris, Vol. 3, p. 135-147 (1994). 

7. Ashkenazi, A . Cytokine neutralization as a potential therapeutic approach for 
SIRS and shock. J. Biotechnology in Healthcare 1, 197-206 (1994). 

8. Ashkenazi, A ., and Chamow, S. M. Immunoadhesins: an alternative to human 
monoclonal antibodies. Immunomethods: A companion to Methods in 
Enzimology8, 104-115 (1995). 

9. Chamow, S., and Ashkenazi, A . Immunoadhesins: Principles and Applications. 
Trends Biotech. 14, 52-60 (1996). 

10. Ashkenazi, A ., and Chamow, S. M. Immunoadhesins as research tools and 
therapeutic agents. Curr. Opin. Immunol 9, 195-200 (1997). 

1 1 . Ashkenazi, A ., and Dixit, V. Death receptors: signaling and modulation. Science 
281, 1305-1308 (1998). 

12. Ashkenazi, A ., and Dixit, V. Apoptosis control by death and decoy receptors. 
Curr. Opin. Cell. Biol 11, 255-260 (1999). 
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1 3 . Ashkenazi. A . Chapters on Apo2L/TRAIL; DR4, DR5, DcRl , DcR2; and DcR3 . 
Online Cytokine Handbook (www.apnet.com/cvtokinereference/) . 

14. Ashkenazi, A . Targeting death and decoy receptors of the tumor necrosis factor 
superfamily. Nature Rev. Cancer 2, 420-430 (2002). 

15. LeBlanc, H. and Ashkenazi, A . Apoptosis signaling by Apo2L/TRAIL. Cell Death 
and Differentiation 1 0, 66-75 (2003). 

16. Almasan, A. and Ashkenazi, A . Apo2L/TRAIL: apoptosis signaling, biology, and 
potential for cancer therapy. Cytokine and Growth Factor Reviews 14, 337-348 
(2003). 

Book: 

Antibody Fusion Proteins (Chamow, S., and Ashkenazi, A ., eds., John Wiley and 
Sons Inc.) (1999). 

Talks: 

1 . Resistance of primary HIV isolates to CD4 is independent of CD4-gpl20 binding 
affinity. UCSD Symposium, HIV Disease: Pathogenesis and Therapy. 
Greenelefe, FL, March 1991. 

2. Use of immuno-hybrids to extend the half-life of receptors. IBC conference on 
Biopharmaceutical Halflife Extension. New Orleans, LA, June 1992. 

3. Results with TNF receptor Immunoadhesins for the Treatment of Sepsis. IBC 
conference on Endotoxemia and Sepsis. Philadelphia, PA, June 1992. 

4. Immunoadhesins: an alternative to human antibodies. IBC conference on 
Antibody Engineering. San Diego, CA, December 1993. 

5. Tumor necrosis factor receptor: a potential therapeutic for human septic shock. 
American Society for Microbiology Meeting, Atlanta, GA, May 1993. 

6. Protective efficiacy of TNF receptor immunoadhesin vs anti-TNF monoclonal 
antibody in a rat model for endotoxic shock. 5th International Congress on TNF. 
Asilomar, CA, May 1 994. 

7. Interferon-y signals via a multisubunit receptor complex that contains two types of 
polypeptide chain. American Association of hnmunologists Conference. San 
Franciso,CA, July 1995. 

8. Immunoadhesins: Principles and Applications. Gordon Research Conference on 
Drug Delivery in Biology and Medicine. Ventura, CA, February 1996. 
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9. Apo-2 Ligand, a new member of the TNF family that induces apoptosis in tumor 
cells. Cambridge Symposium on TNF and Related Cytokines in Treatment of 
Cancer. Hilton-Head, NC, March 1996. 

1 0. Induction of apoptosis by Apo2 Ligand. American Society for Biochemistry and 
Molecular Biology, Symposium on Growth Factors and Cytokine Receptors. New 
Orleans, LA, June, 1996. 

1 1 . Apo2 ligand, an extracellular trigger of apoptosis. 2nd Clontech Symposium, 
Palo Alto, CA, October 1996. 

12. Regulation of apoptosis by members of the TNF ligand and receptor families. 
Stanford University School of Medicine, Palo Alto, CA, December 1996. 

1 3 . Apo-3 : anovel receptor that regulates cell death and inflammation. 4th 
International Congress on Immune Consequences of Trauma, Shock, and Sepsis. 
Munich, Germany, March 1997. 

14. New members of the TNF ligand and receptor families that regulate apoptosis, 
inflammation, and immunity. UCLA School of Medicine, LA, CA, March 1997. 

15. Immunoadhesins: an alternative to monoclonal antibodies. 5th World Conference 
on Bispecific Antibodies. Volendam, Holland, June 1997. 

16. Control of Apo2L signaling. Cold Spring Harbor Laboratory Symposium on 
Programmed Cell Death. Cold Spring Harbor, New York. September, 1997. 

17. Chairman and speaker, Apoptosis Signaling session. IBC's 4th Annual 
Conference on Apoptosis. San Diego, CA., October 1997. 

18. Control of Apo2L signaling by death and decoy receptors. American Association 
for the Advancement of Science. Philladelphia, PA, February 1998. 

19. Apo2 ligand and its receptors. American Society of Immunologists. San 
Francisco, CA, April 1998. 

20. Death receptors and ligands. 7th International TNF Congress. Cape Cod, MA, 
May 1998. 

21. Apo2L as a potential therapeutic for cancer. UCLA School of Medicine. LA, 
CA, June 1998. 

22. Apo2L as a potential therapeutic for cancer. Gordon Research Conference on 
Cancer Chemotherapy. New London, NH, July 1998. 

23. Control of apoptosis by Apo2L. Endocrine Society Conference, Stevenson, WA, 
August 1998. 

24. Control of apoptosis by Apo2L. International Cytokine Society Conference, 
Jerusalem, Israel, October 1998. 
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25. Apoptosis control by death and decoy receptors. American Association for 
Cancer Research Conference, Whistler, BC, Canada, March 1999. 

26. Apoptosis control by death and decoy receptors. American Society for 
Biochemistry and Molecular Biology Conference, San Francisco, CA, May 1999. 

27. Apoptosis control by death and decoy receptors. Gordon Research Conference on 
Apoptosis, New London, NH, June 1999. 

28. Apoptosis control by death and decoy receptors. Arthritis Foundation Research 
Conference, Alexandria GA, Aug 1999. 

29. Safety and anti-tumor activity of recombinant soluble Apo2L/TRAIL. Cold 
Spring Harbor Laboratory Symposium on Programmed Cell Death. . Cold Spring 
Harbor, NY, September 1999. 

30. The Apo2L/TRAIL system: therapeutic potential. American Association for 
Cancer Research, Lake Tahoe, NV, Feb 2000. 

3 1 . Apoptosis and cancer therapy. Stanford University School of Medicine, Stanford, 
CA, Mar 2000. 

32. Apoptosis and cancer therapy. University of Pennsylvania School of Medicine, 
Philadelphia, PA, Apr 2000. 

33. Apoptosis signaling by Apo2L/TRAIL. International Congress on TNF. 
Trondheim, Norway, May 2000. 

34. The Apo2L/TRAIL system: therapeutic potential. Cap-CURE summit meeting. 
Santa Monica, C A, June 2000. 

35. The Apo2L/TRAIL system: therapeutic potential. MD Anderson Cancer Center. 
Houston, TX, June 2000. 

36. Apoptosis signaling by Apo2L/TRAIL. The Protein Society, 14 th Symposium. 
San Diego, CA, August 2000. 

37. Anti-tumor activity of Apo2L/TRAIL. AAPS annual meeting. Indianapolis, IN 
Aug 2000. 

38. Apoptosis signaling and anti-cancer potential of Apo2L/TRAIL. Cancer Research 
Institute, UC San Francisco, CA, September 2000. 

39. Apoptosis signaling by Apo2L/TRAIL. Kenote address, TNF family 
Minisymposium, NIH. Bethesda, MD, September 2000. 

40. Death receptors: signaling and modulation. Keystone symposium on the 
Molecular basis of cancer. Taos, NM, Jan 2001. 

41 . Preclinical studies of Apo2L/TRAIL in cancer. Symposium on Targeted therapies 
in the treatment of lung cancer. Aspen, CO, Jan 2001 . 
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42. Apoptosis signaling by Apo2L/TRAIL. Wiezmann Institute of Science, Rehovot, 
Israel, March 2001. 

43. Apo2L/TRAIL: Apoptosis signaling and potential for cancer therapy. Weizmann 
Institute of Science, Rehovot, Israel, March 2001. 

44. Targeting death receptors in cancer with Apo2L/TRAIL. Cell Death and Disease 
conference, North Falmouth, MA, Jun 2001. 

45. Targeting death receptors in cancer with Apo2L/TRAIL. Biotechnology 
Organization conference, San Diego, CA, Jun 2001 . 

46. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Gordon Research 
Conference on Apoptosis, Oxford, UK, July 2001. 

47. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Cleveland Clinic 
Foundation, Cleveland, OH, Oct 2001 . 

48. Apoptosis signaling by death receptors: overview. International Society for 
Interferon and Cytokine Research conference, Cleveland, OH, Oct 2001. 

49. Apoptosis signaling by death receptors. American Society of Nephrology 
Conference. San Francisco, CA, Oct 2001. 

50. Targeting death receptors in cancer. Apoptosis: commercial opportunities. San 
Diego, CA, Apr 2002. 

5 1 . Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Kimmel Cancer 
Research Center, Johns Hopkins University, Baltimore MD. May 2002. 

52. Apoptosis control by Apo2L/TRAIL. (Keynote Address) University of Alabama 
Cancer Center Retreat, Birmingham, Ab. October 2002. 

53. Apoptosis signaling by Apo2L/TRAIL. (Session co-chair) TNF international 
conference. San Diego, CA. October 2002. 

54. Apoptosis signaling by Apo2L/TRAIL. Swiss Institute for Cancer Research 
(ISREC). Lausanne, Swizerland. Jan 2003. 

55. Apoptosis induction with Apo2L/TRAIL. Conference on New Targets and 
Innovative Strategies in Cancer Treatment. Monte Carlo. February 2003. 

56. Apoptosis signaling by Apo2L/TRAIL. Hermelin Brain Tumor Center 
Symposium on Apoptosis. Detroit, MI. April 2003. 

57. Targeting apoptosis through death receptors. Sixth Annual Conference on 
Targeted Therapies in the Treatment of Breast Cancer. Kona, Hawaii. July 2003. 

58. Targeting apoptosis through death receptors. Second International Conference on 
Targeted Cancer Therapy. Washington, DC. Aug 2003. 

Issued Patents: 
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Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,329,028 (Jul 12, 1994). 

Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,605,791 (Feb 25, 1997). 

Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,889,155 (Jul 27, 1999). 
Ashkenazi, A., APO-2 Ligand. US patent 6,030,945 (Feb 29, 2000). 
Ashkenazi, A., Chuntharapai, A., Kim, J., APO-2 ligand antibodies. US patent 6, 
046, 048 (Apr 4, 2000). 

Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 6,124,435 (Sep 26, 2000). 

Ashkenazi, A., Chuntharapai, A., Kim, J., Method for making monoclonal and cross- 
reactive antibodies. US patent 6,252,050 (Jun 26, 2001). 
Ashkenazi, A. APO-2 Receptor. US patent 6,342,369 (Jan 29, 2002). 
Ashkenazi, A. Fong, S., Goddard, A., Gurney, A., Napier, M., Tumas, D., Wood, W. 
A-33 polypeptides. US patent 6,410,708 (Jun 25, 2002). 
Ashkenazi, A. APO-3 Receptor. US patent 6,462,176 Bl (Oct 8, 2002). 
Ashkenazi, A. APO-2LI and APO-3 polypeptide antibodies. US patent 6,469,144 Bl 
(Oct 22, 2002). 

Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 6,582,928B1 (Jun 24, 2003). 
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DECLARATION OF AUDREY D. GODDARD, Ph.D UNDER 37 C.F.R. § 1.132 

Assistant Commissioner of Patents 
Washington, D.C. 20231 

Sir: 

1, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1993 and 2001, 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3 . My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 
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4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et aL, Biotechnology 10:413-417 (1992) (Exhibit B); Livak et aL, PCR 
Methods AppL 4:357-362 (1995) (Exhibit C) and Heid et aL, Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et aL, Proc. 
Natl. Acad. Sci. USA 95(25):14717-14722 (1998) (Exhibit E); Pitti et aL, Nature 
396(671 2):699-703 (1998) (Exhibit F) andBieche et aL. Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et aL have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et aL studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et aL used the assay to study gene amplification in breast cancer. 



Serial No.: * 
Filed:* 

7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. I declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 

Date Audrey D. Goddard, Ph.D. 
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AUDREY D. GODDARD, Ph.D. 



Genentech, Inc. 
1 DNA Way 

South San Francisco, CA, 94080 

650.225.6429 

goddarda@gene.com 



110 Congo St. 

San Francisco, CA, 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE^ 



Genentech, Inc. 



1993-present 



South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
PartHSubteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998 - 2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993 - 1998 



Scientist 



Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1983 
Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



Ph.D. 



University of Toronto 
Toronto, Ontario, Canada. 
Department of Medical 
Biophysics. 



"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



1989 



Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D. Sweeney 



McMaster University, 
Hamilton, Ontario, Canada. 
Department of Biochemistry 



1983 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.LW. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989-1992 
1983-1988 
1983 



1983 



1981-1983 
1981-1982 
1980-1981 
1979-1980 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 



Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 
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The 5' nucleus* PCtt ttfiy dateets the 

Accumulation of specific PCR product 
by hybridization and cleavage of a 
double-labeled fluorogenlc probe 
during the amplification reaction* 
Th« probe Is an oligonucleotide with 
both a reporter fluorescent dye ami a 
quencher dye attached. An Increase 
In reporter fluorescence Intensity In- 
dlcotes that the probe has hybridized 
to the target PCR product and h«» 
been cleaved by the 5 ^3' nucle- 
olytlc activity of Too DNA polymerase. 
In this study, probes with the 
quencher d r « attached to an Internal 
nucleotide were compared with 
probe* with the quencher dye at- 
tached to the 3 -end nucleotide. In alf 
cases, the reporter dye was attached 
to the 5' end. All Intact probes 
ihowed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3 - 
end nucleotide exhibited a larger sig- 
nal in the 5' nuclease PCR assay than 
the Internally labeled probes. It Is 
proposed that the lorgcr signal b 
caused by Increased likelihood »f 
cleavage by 7aq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3' -end nucleotide also exhibited 
an increase In reporter fluorescence 
In lankily when hybridized to a com- 
plementary strand. Unix oligonucle- 
otides with reporter and quencher 
dyes attached at opposite ends can 
be used as homogeneous by b rid hen - 



r\ homogeneous ausay for detecting 
II iv Mtx-wmulatioii of specific PC IK prod- 
uct that uses a double-labeled fluoro- 
genic probe was described by Lee et ah (1) 
The assay exploits the $' > 3' nude- 
olyilc activity of Taq DNA poly^ 
ijn:ia»t? <7 '" 4> and fo diagramed in l'lgure 1. 
The fluorogcrtic prohe eoosistsr of an oli- 
gonucleotide* with *i reporter 'fluorescent 
dye, >u\h as n fluorescein, attached to 
ih* 5' end; and it quencher dye, such as a 
rhodaminc, Attached internally. When 
tlie fluorescein is excited by irradiation, 
Us fluorescent emission will be 
quenched if the jhudaiiiinc b close, 
enough to be excited through the pro- 
cess of fluorescence energy transfer 
0 ; CT). M - 5 > During PCR, if the probe is hy. 
bridged to a template ftliaml, Taq DNA 
polymerase will cleave the probe be- 
cause of its inherent ,V 3* nucleolytic 
activity. If the cleavage occurs between 
Die fluorescein and rhodaminc dyes, it 
causes an increase in fluoicsvem fluores- 
cence intensity because the fluorescein 
is no longer quenched. The Increase in 
fluorescein fluorescence Intensity indi- 
cates thut the probe-spcclflc I'CR product 
has hirer j generated. Thus, FET between a 
lepuilej dye and a quencher dye Is criti- 
cal to the performance of the piube lu 
the 5' xjulImm.- PCU avtuy. 

Quenching is completely dependent 
on the phy.sic.-al proximity of the two 
dye>. w Because of this, ll has been as- 
sumed I hot the quencher dye must be 
attached neaj the S* end. Surprisingly, 
we have found that attaching- a rho- 
damine dye at Lhc 3' end of a piulrc 



S0S6 



PCH assay, Vurtlicrmorc, cleavage of this 
type of probe i.s not required to achieve, 
sonic reduction In queneiilng. .Oligonu- 
cleotides with a reporter dye on the V 
end and a quencher dye on t he 3' end 
exhibit a much higher reporter fluores- 
cence when douOic-s trail ded as com- 
pared with single-stranded. This should 
make it possible to use this type of dou- 
ble»labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 



MATERIALS AND METHODS 
Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used In this 
Study. Linker arm nucleotide (LAN) 
phosphoramidhe was obtained from 
Glen Research. The standard UNA phos- 
phommiditcs, 6-carboxyfiuorcsccln (6* 
FAM) phosphoramidite, tVcarboxytet* 
pamethyirhodamlne succinimtdy) ester 
(TAMRA NHS Cster), and Phosphalink 
for attaching d ;v -blocking phosphate, 
were oDtalncci tiom Hcrkln-Elmer, Ap- 
plied Htosystems Division. Oligonucle- 
otide synthesis was performed using an 
AB1 model DNA synthesiser (Applied 
likwysiems). fTimcr and complement 
oligonucleotides were purified using 
Oligo Purifleatiun Ourtrldgcs (Applied 
Blosys terns). Dwublc-luhchid probes were 
^ynthr^Jy-ed with 6-l*AM*ittbeied phos- 
piiwiduiiiliLtt at the ,S f und, IAN replacing 
omt 4^ft>je Ts in the sequence, and Phos- 
phalink at the S* end, Following de- 
prutctttlun- fliul ethunoi paxlpttHtlor^ 

09i 6^6 Vfd i.S^T SOOS/SO/ST 
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FIGURE 1 Diagram of 5' nuclease assay. Stepwise representation of trie 5' -> 3' nudeorytK* ac- 
tivity of 7&fl DNA polymerase acting on a rtuoiuKcnk* probe durJiiR one extension phase of I'tIR, 



mM Na-bicarborifttc buffer (pll 9.0) at 
room temperature. Un reacted dye was 

idiiuved by p*u»age uvei a I'D-10 Scplltl- 

dcx column. Finally, the double-labeled 
probe was purified by prcp«T»tivc high- 
performance liquid * chromatography 
(IIFU1) using an Aquaporc U K 220x4.6- 
mm column with particle size. The 
column wa* developed with a 24-mJu 
linear gradient of S-20% uectonitrlie in 
0.1 m TlIAA (trivthylainlnv acetate), 
Probes are named try designating the se- 
quence from Table 1 and the position of 
the UN-TAMRA moiety. Vor example, 
probe Al-7 has sequence Al with f JVN- 
TAMRA at nucleotide position 7 from the. 
5' end. 



PCR a>»tern> 

All PCR amplifications were performed 
in the Pcrkin- Elmer GcncAmp J 7 CR Sys- 
tem 9600 using 50-uJ reactions lhal con- 
tained 10 mM Tris-HCl (pll 8,3), 50 iiim 
KU, 200 jiM dATP, 200 m-m dCTl\ 200 *tM 
dftTP, 40ft m-m dUTP, 0>5 unit of AinpEr- 
ase uracil N-glycosylase (Perkin.EJmer), 



gene (nucleotide* 2141-2435 in the *e» 
quence of Naka|Uno-Il|lma ct al.) (n 
amplified using pijmers APP and AKP 
(Table 1), which are modified slightly 
from those of do Rrcuil ct «K (m Actln am- 
plification reactions contained 4 niM 
MgCI* 20 n$ of human genomic UNA, 
50 hm Al or A3 probe, and 300 dm each 



primer. The thermal regimen was 50 u c: 
<2 mln), SAT {10 mln), 40 cycles of 95T, 
(20 see), 60°C (1 mln), and hold ct 72°C 
A 515-bp segment whs amplified front a 
pjasmld that consists ol a segment ol X 
DNA (nucleotides 32^30-»?.,747) in- 
serted in the Sntal sit« of vector pUCl 19. 
These reactions i.\)iiUiim:0 3.5 him 
fA£i:\ 2t 1 ng of plasinid DNA, 50 riM P2 or 
P5 probe, 200 nw primer arid 200 
um pjunej R119. The thermal icemen 
Wa* S<TC (2 mln), (10 mln), 25 cy- 
cle* Of ?5°C (20 sec), 57%: (J mln), oncl 
hold at 72 b C, 



Fluorescence Defection 

1'Or each amplification reaction, a 40-fxl 
aliquot of a sample was transferred to an 
Individual well of a white, 9fLwoll micro 
titer plate (Pexkin-Ulrner). Fluorescence 
was measured on the i'crlcln-Efmcr Taq- 
Man LS-50U Sysiem, which consists of a 
luwlncscenco spectrometer with plate 
reader assembly, & 4B5-nm excitation fll* . 
ter, and a 515-nm emission filler. Excita- 
tion wax at 4&8 mn uslnj; a ,^nm slit 
width. Emission was measured al S18 

nm for 6-1-AM (the. reporter or H value) 
and 5R2 nm for TAMUA (the quencher or 
Q value) using a 10-nm sltt width. To 
determine the inncasc in lepuitei emis- 
sion that I* caused by cleavage of the 
probd during PGR, three normalizations 
aie applied to the raw embroil data. 
First, emission Imcnsliy of a buffet blank 
Is subtracted for each wavelength. Sec- 
ond, emission intensity of the reporter is 



TABLE 1 


Sequences of Oligonucleotides 




Name 


'iVf* 


.Sequeiiut 


F119 


primer 


ACCCACA<5GAACn , CArCACCACTC 


KH9 


primvT 


AiXj i rcGCXjTrcc:cKK:ir.Ac:crinrricic: 


P3 


probi* 


rccK^'iXACrOArccrixjccAAccACip 


3»2C: 


complcmcnL 


CTACrCCTTCCCAAa;ATCA(rrAATGr.r.ATC 


rs 


probe 


ccjOArrrGCiou'rArci'Aix^.CAAc catp 


rsc 




Tir^TCX:TrGTC>:fACA1A<^:A0C^^ 


AKP 


primer 


TCACCOVCACTGTGCCCATCTACOA 


ARr 


primer 


CAOUiOA A t :t XiCTX Ar rOCX'AATCJG 


Al 


probe 


AJ^CCCIXXCCX^l<5CCAlCCiX>O0Tp 




complement 


ACL\c:t:tykt;t;A'ix;ciJv*u;t;c;t:t;At;t;(K^TAC 


A3 


piobc 


CGC^Crc5GACl , 'rCCACCMCA0AT [ » 


A3r 


cumpleuieut 


CrATrrfcrTTOCrCOAAGTCCAGOGCRAC 



For each ollKonuflcoiiilc used In this study, Uie nucleic add sequence is slvcn ( written in trie 
5' > V uiryviioii. Tbeje are Xhw typca of oligonucleotides; VCR primer, fluorogenlc probe used 
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A1 -2 JUQtSrjC.'frJ wrxx-JtTOir A'JCCTCC'GTy 

A1-26 J^VCt:&*CC£^M<K:C;Ki<:<*r<;GO&> 



Probft 


CIS nm 


682 nm 




RCt* 






t\fk iMHp. 


4 t*r*p. 


no Umfx 


« t«mp. 








A1-2 - 


25 S tl 2.1 


32.7 * 1 .0 


39.2 if a.O 


38.2* 2.0 


0.G7 * 0.01 


0.60 i COG 


O.IOdO.Ott 


A1*7 


03 0 14.3 


306. 1 




1 10.3 ^ 




3.58 * 0.17 


3jD0*0,I8 


A1-14 


127.0*4.0 


403.S* tS.1 


100,715.3 


93.fi 5.3 


1.(6 4 0,03 


4,3410.15 


3.18^ 0.1S 






7.7 


70.3* 7,4 


9.0 


2,67 J O.OG 


6.D0AC.1C 


3.13 A 0.16 


A1-22 


224. C i 0.4 


4&fi,L* ± 43.8 


100.0 ±4.0 




££S a. 0.03 


5.02 10.11 


C77.l0.12 


A1-28 


I G0£ J 0.3 


464.1 1 1CT.4 




w./ ± a.u 






± U.ttt 



flCURt 2 RmvIIj of 5' ii u tiro or n»iii|>aru\g p-a<un probe J with TAMRA At different nucle 
otUte positions. As described In Materials and Methods, vm amplification* containing the in- 
dicated piobts wrre performed, and the fiuoriwvunce emission was measured at 51 8 and 582 nm. 
Reported valuta are the averaged 1 s.Ot for six reactions nm without added template (no temp.) 
and six reactions run with template (4 temp.). Thv HQ ratio was calculated for each individual 
reaction and averaged to give the reported RQ" and HQ 1 values. 



aividcU by the emission intensity of Uitr 
quencher to give an RQ ratio for each 
reaction tube. Tills normalizes tor wdl- 
to-wen variations in probe concentra- 
tion and fluorescence measurement. Fi- 
nally, ARQ is calculated by subtracting 
mc KQ value of the no-template txmtro) 
(RQ") from the KQ value; for the win- 
pletc rcacnon including template 
(RQ 1 ). 

RESULTS 

A series of probes with increasing dis- 
tances Derween the fluore^cm repurici 
and rhodamlnc quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the S' nuclease l'CU as- 
jay. Tnese probes hybridize to a target 



.sequence in the human p-acttn gene. 
Hguic 2 shows the results of on experi- 
ment in which these probes were In- 
cluded in I'CR lhal amplified a segment 
of the (i-iivtln g«nr. containing the laigct 
scuuciice- IVifuuiittiiLc hi the 5' nu- 
clease I'CR assay is monitored l*y Ihe 
magnitude, of AKQ, which Is* a measure 
of the Increase In reporter fluurc>cttm:tt 
uimcd by PGR amplification of the 
probe target, Probe Al-2h*% a ARQ value 
that is close to rero, indicating that the 
probe was not cleaved appreciably dur- 
ing the amplification reaction, Thi;s &ug- 
KcaU Uiat with the quencher dye on the 
sevuad nucleotide from the 5' end, there 
Is Insufficient luout fot Tu^ polymerase 
to cleave efficiently between the reporter 
and queudiei. The other five probes ex- 
hibited comparable ARQ values lhal are 



clearly different from zero. Thus, all five 
pro hen arr befng cleaved during \*C:K am- 
plification tendting in a similar Increase 
III icpoita* fluoiesccJice. H should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than thai observed 
In Figure 2 (data not shown). Titus, even 
in reactions where amplification occurs, 
the majority of probe* molecules remain 
undcaved. U is mainly for this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes 1114 lo with 
amplification nf the targm. This Is what 
allows us to use the 682*mr> fluorescence 
reading as a normalisation factor. 

The magnihinV nf RQ" rtVppnrts 
mainly on the quenching efficiency in- 
he?rfnr in the. specitic. .stmcture nl the 
probe and the purity of riie oligonucle 
otide. Thus, the larger UQ" values indi- 
cate that probes AM4, aj-19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with A1-7, Still, the degree 
of quenching is sufficient to detect a 
highly significant Incmoae In reporter 
fluorescence when each of these -probe* 
i& cleaved during TCR. 

To further investigate the ability of 
TAMRA on the V end to quench fl-FAM 
on the 5' end, three additional pain of 
probes were tested in the 5' nuclease 
PGR assay « Pot each pair, one probe has 
TAMRA attached to an internal nucle- 
otide and Uie otUei has TAMRA at (ached 
to the V end nucleotide. The results arc 
shown in Table 2. hor all three, scu, the 
probe with the 3' quencher exhibits u 
4RQ value that is considerably highd 
than for the probe with the Inicrna) 
quencher, The RQ" values suggest thnl 
differences In quenching arc not as j»rr.ut 
as those observed with some of the Al 
pTobcs. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiently the 



TABLE 2 Results of V Nuclease Assay Comparing Probes with TAMRA Attached to an Internal or 3' -terminal Nucleotide 



M8 run SR2 nm 



A'.: 



Probe. 


no temp. 


+ temp. 


no lemp. 


+ temp. 


UQ 


RQ 4 


aKQ 


A3-6 
A3-24 


54.6 i 3.2 
7Z.1 t 2.9 


84.tS z ;i./ 
236»5 a. 11.1 


U6.2 i 0.4 
W.2 * 4.0 


ILH.b ± 2.5 
90.2 ± 3.« 


0,47 a. 0.02 
0.86 J. 0.02 


0.73 ± 
Z62 ± 0.05 


0.26 ± 0.04 
1.76*0,05 


T2-7 
1^27 


82.8 2. 4.4 
113.4 2:6,6 


3B4.0 ± 34.1 
555.4 * 14-1 


10S.7 X 6.4 
140,7 t 8.3 


120.4* 1U.Z 
11S.7=:4,8 


0.79 1 0,02 

aw ± a.oi 


3.19 * 0.16 
4.6S i 0.10 


2.40;' O.K. 
3.88 7 0.10 


rs-io 


77 J ± 6-5 
64.0 ± s.z 


244.4 x 15.$ 
333.^ ± 12-1 


ft6.7 J. 4,3 


9S.S t- 6.7 
94.7 i 6.3 


0.B9 ^ 0.05 
OA? ± 0.02 


2.55 ?. 0.06 
^.63 * 0.12 


1.66 & 0.08 
2.89 i 0.13 



— 4*.* <~.4. r -^*A r»r<»M>9 onrt ratfiiiMinns wtiiT nertonncd as described in Materia) and Methods «nd in the legend to Hlg. 2, 
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fluorescence of a reporter dye on the 5* 
end. The degree of quenching is suffU 
cical fur Hi in type of oligonucleotide to 
be used as a pr6b6 in the V nuclease PGR 
assay. 

To test the hypothesis thai quenching 
by a V TAMRA depends on the flexibility 
of tho oligonucleotide, fluorescence was 
mcatuiad fur probes in the Single- 
stranded and double stranded states, Tft- 
h!<» reporU the fluorescence observed 
at S18 and. 582 nm. The relative degree 
of quenching Is assessed by calculating 
the RQ ratio. Y*qt prot>CS with TAMRA 
MO nucleotides from the 5' end, there 
is little difference in the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides, The results 
for probes with TAMRA at the 3' end aTe 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in HQ. We 
propose that this loss of quenching is 
caused by the rigid Structure of double- 
Stranded UNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg 2 ' effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg 2 4 concentra- 
tion. With TAMRA attached near the 5' 
end (probe A 1-2 or Al-7), the value at 
0 niM Mg 2 " is only Slightly higher than 
RQ at 10 him Mr*'. Yoi probes AM9, 
Ai-22, and Al-26, the RQ values at 0 mtu 
Mg > 4 are very hi^h, Indicating a much 



roduccd quenching efficiency . Tot each 
of these probes, thcie. Is h marked de- 
crease in HQ at 1 him Mg* * followed by 
u gradual decline as the Mg* 1 ivuccu- 
trution increases to 10 tom. Piube A3 -14 
shows an intermediate RQ value at O mM 
Ms 74 wiih a gradual decline at mgjicr 
Me/** coiKcjiIjaIUjiis. In a loWrSalt en- 
vironment with no Mg 2 " present, a sin- 
gles tram led oligonucleotide would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg a + ions acts to 
shield the negative charge of the phos- 
phate, backbone so that the oligonucle- 
otide can adopt conformations where 
thft :V end is close to the 5' end. There- 
fore, the observed Mg 2 ' effects support 
the notion that quenching of a 5' re* 
porter dye by TAMRA at or near-trie 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
it seems the rhodamine dye TAMRA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (6-l ; AM) placed at 
the 5' end, This Implies thai a single 
stranded, double-label ed oligonucle- 
otide must bo able to adopt conforma- 
tions where the TAMRA is close to the 5' 
end. It Should he noted that the decay of 
6-l'AM In the excited stale requires a cer- 
tain Amount of time. Therefore, what 



TABtC J Comparison of PUiorcAcciKe F,mi>;>iuus L>f Mngle.-sTranticd and 
Dc>uhl<*-*ir«ndcd Fluorogenlc Probe* 



518 nm 



582 nm 



KQ 





B9 


As 


99 


us 




<iS 


At -7 


27.75 


<MLS3 


61. OS 




0.4S 


11.50 


A 1*26 


43.31 


509.38 


53.50 


. 93.86 


0.81 


5.43 




1675 


62,g« 


39.33 


16S.57 


0.43 


0.3$ 


A.V24 


30.05 


578.64 


67.7';. 


140.25 


0.45 


3.21 


VZ-'t 


33.02 


70.13 




121.09 


0.64 


0.58 


1*2-27 


39.69 


320.47 


66,10 


61.13 


0,61 


S.25 


I'S-10 


27,;J4 


144.85 


61,95 


165.54 


0.44 


0.S7 


P5-2n 


33.65 


462.29 




104.6] 


0.46 


4.4S 



(ss) Single-stranded, The fluorescence emissions at 518 or 582 nm for solution h rontaining a finaJ 
concentration of 50 nM Indicated probe, 10 rnw Tris-i JU (pH 8.3), 50 niM KC1, and 10 mM MgCl^. 
(ds) Double-stranded. Th« solutions contained, in addition, 100 «M AltJ f»T probe** Al-7 and 
A)-Z6. 100 n>i A3C for probes A3-6 and A3-24, 100 iim \ y ii : for \m\\m l'Z-7 and J^-7.7, or 100 nM 

TSC fur probes IM-10 and P5-2H. Hcforc The atMHUnp of MgClvj 1ZO vA Of WlJ iUlttplc WAS Heated 
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marten* for quenching In not the average 
distance between od-AM and TAMRA 
but, rather how close TAMRA can get lo 
6*MM during die lifenme of Uic 6-hAM 
excited state. As long as the decay time of 
the excited state is relatively long com- 
pared wun the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
6-FAM at the 5' end because TAMRA is in 
proximity to fi-KAM often enough to be 
able to accept energy transfer from an 
excited 6'FAM. 

Details of the fluorescence measure- 
ments remain pU2Zliilg. For example, Ta- 
ble 3 shows that hybridization of probes 
A1-2G, A3-24, and P5-28 to their comple- 
mentary strands noT only causes a large 
increase in 6-FAM fluorescence at 518 
nm but also causes a modest Increase in 
TAMRA fluorescence at 582 nm. If 
TAMRA is being excited by energy trans- 
fer from quenched 60 J AM, then loss of 
quenching attributable to hybridization 
should cause a decrease In the fluores- 
cence emission of TAMRA, the fact that 
the f Inoiesccncc emission of TAMRA In- 
creases indicates that the situation Is 
more complex. For example, we have an* 
ecdmai evidence that the bases of the 
Oligonucleotide, especially U, quench 
the fluorescence: of both 6-FAM and 
TAMRA to some degree. When double* 
stranded, base-pairing may reduce the 
ability of the basC9 to quench. The pri- 
mary factor causing the quenching of 
6-VAM in an intact probe is the TAMRA 
dye. Evidence for tne Importance of 
TAMTU is thai 6 KAM flutmtsurnce 
remains relatively unchanged when 
probes labeled only with 6-UAM are used 
in the S' nuclease 1*CR assay (data not 
shownj. Secondary effectors of fiuores- 
ce nee, both before and afiei cleavage of 
the probe, need to be explored further. 

Hesardlcss of the physical mccha* 
nism, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the S' nuclease 
PCR assay. There are three main factors 
thai determine the performance of a 
double-labeled fluorescent probe In tlic 
V nuclease PCU assay. The first factor is 
the degree of quenching observed In the 
intact probe. Tills Is Characterized by the 
vnlue of RQ' , which ts the ratio of re- 
porter to quencher fluorescent cmis 
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FIGURE 3 Kfteet 6f Mg" 5 CArtc&ntrAtion fin RQ ratio for the Al seriei of probes. The fluorescence 
emission intensity at 518 and 582 nin was measured for solution* containing 50 nM prob^ 10 irtM 
Trh-HCl (pH a\3), 50 mM KCI, and varying amounts (0-10 dim) of MgCl 2 . The calculated feQ 
ratios (518 nm intensity citvfri*?ci hy .SR2 nm intensity) an- plotted vs. MgCl* concentration (mM 

Ms). 'Tlir: kry {uyjtKP tight) *lniwa lite jimtiVA fAmuimnl. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
ulhei faciui* that reduce flexibility of 
(he oligonucleotide, and purity of the 
probe. The second factor i% the efficiency 
tif hyhiidiialiuit, which depend* on 
probe r in , presence of secondary struc- 
ture In probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency fit 
which Taq DNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween piobe and template as shown by 
Uie observation thai mismatches in the 
segment between reporter and quencher 
dyes drastically rvdute the cleavage, of 
probi!. l,) 

The rise in HQ values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is rcduxcu some- 
what as the quencher is placed toward 
the 3' end* ihe lowest apparent quench' 
ing Is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA Is at the 5P end (A1-Z6). This is 
•understandable/ as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an internal position, In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than . Is an internally placed 
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probes, the interpretation of RQ values 
is less clear-cut. The A3 probes show the 
some trend as Al, with the 3' TAMRA 
piobe having a larger RQ than the In* 
ternal TAMRA probe. For the P2 pah, 
both probe* hove about the same* RQ", 
value. For ihe PS probes, ihc RQ for the 
3' probe b less than for the Internally 
labeled probe. Another factor that may 
explain some of the observed variation i% 
that purity affect? the RQ" valur. Al- 
though all probes are HPhC puufitrd, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on HQ . 

Although there may be a modest ef- 
fect on decree of quenching, the posi- 
tion of the quencher apparently um 
have a large effect on the efficiency of 
probe cleavage, The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleotide trdui.es the efficiency Of cleav- 
age to almost zero. For the A3, 1% and PS 
probes, ARQ Is much greater for the 3' 
TAMKA probes as compared with the in- 
ternal TAMRA probes. Tills is explained 
most easily by assuming thai piobes 
with TAMRA at the 3' end are more likely 
to be cleaved inrtwevn itfpofie* and 
quencher than are probes with TAMRA 
attached internally. Vor the Al probes, 
the cleavage efficiency of pTobe Al-7 
must already he quite high, as ARQ docs 
not increase when the quencher is 
nlami ri<wr tn thn. "V end. This illus- 



trates the important nf being ahlf to 
use probes with a quenchor on tho 3' 
end in the S' nuclease PCR arway. In thin 
assay, an increase in the intensity of re- 
porter fluorescence is observed only 
when the probe is cleaved between l lie 
reporter and quencher dyes. By placing 
the lupoHur and quunchui dyes on the 
opposite endu of an oligonucleotide 
probe, any cloavagc that occurs will be 
detected. When the quencher is uttached 
lu uu Internal nucleotide, sometimes the 
pcobe wuilo well (A 1-7) and other times 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means tho probe Is being cleaved 3' to 
tho quencher rnthor than between the 
mpnripr and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PGR prod- 
uct in the S' nuclease PCJR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
cod may also provide a slight bonclU lit 
terms of hyhritliwition efficiency, ihe 
presence of o quencher attached to an 
Internal nucleotide might he. expected to 
disrupt biisop airing and reduce the T m 
of a probe, in fael, a 2 n (J-3t! reduction 
in T m has been observed for two piobes 
With iiUeiiidlly alUuhcd TAMUArJ^ This 
disruptive effect would be minimised by 
placing the quencher al the 3' end, Thus, 
probes with 3 f quenchers mi^hl exhibit 
slightly higher hybridization efficiencies 
than piobes with interna] qucnclieix 

The combination of increased cleav. 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more lolerant of mismatches be- 
tween prooe and target as compared 
with internally labeled probes. Tins tol- 
erance of mismatches can be advanta- 
geous, as when trying to use o single 
probe to detect PCR-amplificd products 
from namplt?* uf diffeienl species. Also, U 
mean's that cleavage of probe during PCR 
Is less K'JislHvr U> ulicraUonh in An» 

nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be. a disad- 
vantage is for allelic discrimination. I*cc 
ct al. 0) demonstrated that allele-speciflc 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFS08 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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FIGURE 3 Kffcct of Mg* 1 concentration on ItQ raiio for the Al scries of probes. l"he nunraKcuiiu! 
emisiiun intensity at M ft and 582 nm was measured for solutions containing SO iim probe, JO mM 
Tri>lia (pH 8.3), SO him Ktt, and varying amounts (0 10 ihm) of MgCI^. The calculated RQ 
ratios (Si h nm Intensity divided t>y 5«2 nm intensity) are plotted vs, MrC1 2 conccnm*ti*«i (i»m 
Mr). The key (upper rfyht) ihOWS the pTobcs examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence*, 
context effects, presence ot structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the. 
probe. The second factor is me efficiency 
of hybridization, which depends on 
probe T m , presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third ractor is the efficiency at 
which Taq UNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter and quencher 
dyes drastically reduce the cleavage of 
probe. (l> 

The rise in RQ values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench* 
lng is observed for probe AM 9 (sec Fig, 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al<26). This is 
understandable, as the conformation of 
the y end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher ar the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internally placed 
quencher, For the other three sets of 



probes, the interpretation of RQ* values 
is less clear-cut. The A3 probes show the 
same rrend as Al, with the 3' TAMRA 
probe having a larger RQ" thtm (lit; in- 
ternal TAMRA probe. For the H2 pair, 
both probes have ahout the same RQ 
value. Tor the P5 probes, the RQ' for the 
3* probe is less than fo* the mlciriftHy 
labeled probe, Another factor that may 
explain some of the observed variation Is 
that purity affects the RQ" value, Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef* 
feci on RQ . 

Although there may be a modest ef- 
fect nn degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage, The most drastic effect is 
observed with probe Al-2, where place, 
ment of the TAMRA on the second nu- 
cleotlde reduces the efficiency of clcav- 
age to almost zero. ) r or the A3, P2, and PS 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
temal TAMRA probes. This Is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not Increase when the quencher is 
placed closer to the 3' end. This Illus- 



trates the importance oi being able to 
use probes with a quencher on the 3' 
end in the V nuclease I'CK assay. la this 
assay, an increase in the intensity of re 
porteT fluorescence Is observed unly 
when The probe is cleaved between the 
reporter and quencher dyes. Uy placing 
the reporter and quencher dye* on the 
opposite ends ol! an oligonucleotide 
inrube, any cleavage that oceurw wJll be. 
detected. When The quencher lx attached 
to Ji) liUc-iual nucleotide, fruivioilimi the 
probe works well (Al-7) and other times 
not *o well (A3-<i). The relatively poor 
performance of probe A3-6 presumably 
means the probe is being cleaved 3' to 
the quencher rather than hetween the 
reporter and quencher. The.™* tore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct In the 5' nuclease PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 
end may also provide a slight benefit in 
terms oi hybridization efficiency. The 
presence of a quencher attached to an 
Internal nucleotide uYighL be expecicd to 
disrupt base-pairing and reduce the T m 
of a probe. In fact a 2*C-3 9 C reduction 
if i 7^ has been Observed fOT rwo probes 
with internally attached TAMRA*/** This 
disruptive effect would be. minimized by 
placing the quencher al the 3* end. Thus, 
probes with 3 1 quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of increased cleav- 
age and hybridization efficiencies means 
that probes with V quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes, This tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amplified products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
is less sensitive to alterations In an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage Is for allelic discrimination. Lee 
et al,^ demonstrated that allcic-specific 
probes were cleaved between reporter 
and quencher only when hybridised to a 
perfectly complementary target. This aU 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFSOS mutant. Their probes had TAMRA 
attached to the seventh nucleotide from' 



aomx 



Z0S6 09i, 6fr6 XVd 8S : U Z00Z/S0/ZT 



From *. BML 



PHONE No. : 310 472 0905 



Dec, 05 2002 12:i9RM P09 



tarcMMi 



U»M V end and w<?ro designed to thai any 
mismatches vrcrc between the reporter 
arid quencher. Increasing the distance 
betwuan reporter and quench or would 
lessen (he disruptive effect uf mis- 
matches and allow cleavage of the. probe 
on tlu? incorrect target. Thus, probes 
with a quencher attached to an internal 
nucleotide may si 111 bo ucoful {or allelic 
discrimination. 

In this study loot of quonchlng upon 
hybridisation was used to show that 
quonchlng by a 3' TAMRA in dependent 
oti the flexibility uf a slngle*xtranded oli- 
gonucleotide! The Increase in reporter 
fluorescence intensity, though, could 
also be uted to determine whether l*y. 
brldlzation has occurrwl or nor. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be metal as hybridization 
probes. The ability to delect hybrida- 
tion In real time means that these probes 
could be used to measure hybridization 
Kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid. 
Nation assays for diagnostic* or other ap- 
plications. Bagwell Ct al, (10) describe just 
tills type of homogeneous assay where 
hybridization of a probe cause* an in- 
crease in fluorescence caused by o loss of 
quenching. However, they utilized a 
complex probe design that require* add- 
ing nucleotides to both ends of the 
probe sequence to form two imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the oihei 
<»nd generates a fluorogonlc probe that 
can detect hybridisation or I'CK amplifi- 
cation. 
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We have developed a novel "real time" quamhailve PCR method. The method measure PCR product 
accumulation through a duaHabeleu fluoiojjenlc probe (i.c., TaqMan Pro*). This method prny Ides wy 
accurate And reproducible quantitation of gene copies. Unlike other quantitative PCR methods, real-time PCR 
does nor require poM-PCR sample handling, preventing potential PCR product carry-over contamination and 
resulting In much faster and higher throughput assays. The realtime PCR method has a very large dynamic 
ranee of starting taryet molecule determination (at least flvc orders of magnitude). Real-time Quantitative 
PCR is extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis has 
had an important wle in many fields of biologi- 
cal research. Measurement of gent expression 
(RNA) has b«en used extensively In monitoring 
biological responses to various stimuli (Tan ct al, 
1991; Huang el al. I995a,b; I'rud'homme et al. 
1995), Quantitative gene analysis (DNA) has 
Ixfrt used to dr.ici mine the genome quantity of a 
particular gene, as in the case, ot t tie human H1LR2 
gene, which Is amplified in -30% of breast tu- 
mors '(Slam on et al. 1987). Gene and genome 
quantitation (DNA and RNA) also have been used 
for analysis of human immunodeficiency virus 
(ilJV) bmden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; J'latak el al. jw:tb; 
Purtado et al. 1995). 

Many methods hav*- been described for the. 
quantitative analysis ot nucleic acid sequences 
(both for RNA and DNA; Southern 1 V/5; Sharp ct 
al. 1980; Thomas 1980). Recently, PCR has 
proven to be a powerful tool foT quantitative 
nucleic acid analysis. PCJR and reverse transcrip- 
tase (KH-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This lias marie pos- 
sible many experiments that could not hove been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 
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that it be uacU properly for quantitation (U»«y. 
maskers 1995). Many early reports of quantita- 
tive: PCR and RT-PCR described quantitation of 
the PCR product hut did not measure the initial 
target sequence, quantity. It is essential to design 
proper controls for the quantitation of the initial 
target sequences (Perrc 1992; Clcmentl ct al. 
100?.) 

Keswifcheis have, developed several methods 
of quantitative PCR and RT-PCR. One approach 
measures PCR product quantity in the log phase 
of the remilon before the plateau (Kellogg et al. 
1990; Pang ct a). 1990). This method requires 
that each sample has equal input amounts of 
nucleic- add and that each sample under analysis 
amplifies with klcnf lcal efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in ul I samples at relatively constant quan- 
tity such as p-aotln) can be us«d for sample* 
amplification efficiency normalization. Using 
conventional methods of PCR detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for bolh the target gene and ihc 
normalization gene). Another method, quantita- 
tive competitive (QC)-KCK, has l>cen developed 
and is used widely for PCR quantitation. CJC-PCR 
relics on the inclusion of an internal control 
competitor in each reaction (Becker-Andre 1991; 
Plata k ct ol. 199aa,b). The efficiency of each re- 
action is normalised to the internal competitor. 
a knnwn amount of interna] competitor can be 
annra 7nc« no/ wj rc:*t 7nr»7/cn/7T 
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added to each sample. To obtain rotative quant- 
ration, the unknown target I'CU product is emu-' 
pared with the known competitor iK'*M product. 
Success of a qua nth alive competitive I'CU assay 
relics on developing an Internal control lhai am- 
l>iiri™ with the same efficiency as the hwget mol- 
ecule. TilC design of The conipctJtoi and the vali- 
dation of amplification efficiencies, jequire a 
dedicated effuxl. However, because QC-l'CK does 
not require that PCU pioducts be analysed during 
the log phase of I he. amplification, it is Oh: easier 
of I he two methods to use. 

Several detection system* uie used for quan 
Utativc PCX and RT-1»Ctt analysis; (1) agarose 
geis, (2) fluureaevnl labeling of POU products mid 
delect I on with ln.itrr- induced fluoresce nec using 
capillary electrophoresi:* (Fusco et al. 1995; Wil- 
liams et al. 1 996) or acryianiUlc gehs, ami (3) plate 
capture and sandwich probe hybrid tail ion (Mul- 
der el ah 1994). Although these method* proved 
successful, each method requires post-PCR ma- 
nipulations that ;tdc! Tlint! U> the analysis <md 
may lead to htl>u»<i(uty k on t rtimnation. The 
sample throughput uf these* jiirlhudn is limited 
(will) (he exception of the plate capture ap- 
proach), iiml, thttftrfrm:, these methods, ore not 
well >uiled (in u>o demanding high snmplc 
throughput (I.e., .screening of large numbers of 
hliuiiwtev.ulv> wi uiia.lyy4"g Sample* i\« diagnos- 
tics or clinical trials). 

Here we report the development of a novel 
assay for quantitative DNA analysis. The assay is 
based on the irttt-of the .V nuclease assay first 
described by Holland et al, (1993). The method 
»i.s« ihc 5' nuclease activity of 7Vu/ polymerase to 
cleave a noncxtcndlble hybridl/Ation probe dur- 
ing the extension phase of POU- The. approach 
uats dual-labeled fluorogcnic hybridJ/.ution 
probes (Lee ct ah 1993; gassier ct al. 1993; Uvak 
rt ill, ]99£a,b). One. fluorescvnl dye serves as a 
reporter |FAM (i.e., 6-carbpxyfluorvsvcin)| and its 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA (i.e., 6-carboxy-ietramcthyl- 
lhodaminc). The nuclease degradation of the hy- 
bridization probe releases the quenching of Ihe 
I'AM fluorescent emission, resulting in an In- 
crease in peak fluorescent emission at 53 tt mru 
The use Of a sequence detector (ADI Prism) allows 
measurement of fluoresce.ut spectra of ail 90 wells 
uf the thermal cycler continuously during the 
PCK amplification. Therefore, the rcuclioua aje 
niouttoreU in real time. The output data Is de- 
scribed and quantitative analysis of input target 
DNA sequences is discussed below. 



RESULTS 
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The goal vyjis to develop a high-throughput, sen- 
sitive, and accurate gene quantitation assay for 
use Jn monitoring lipid mediated therapeutic 
gene delivery. A plasinid unending human factor 
Vlii gene sequence, pI<8TM (sec Methods). w;is 
used a& a model ihorapeiHie gene The assay use* 
fluorescent Taqxnun methodology and an instru- 
ment capable of measuring fluorescence in real 
time (Alii Prism 7700 Sequence Detector). Ilie. 
Taqmuo reaction requires » hybridisation prnhr 
lalxled witii two different fluorescent dyes. One 
dye is a reporter dyw (1-AM), the other ix quench- 
ing dye (TAMRA). When the pmln: 1a inlacl, fluo- 
i eaten ( energy transfer occursjiml the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA). During Uie extension 
phase of Ihc PCK cycle, the. fluorescent hybrid- 
taillon prone Is cleaved by the S'-.'V nucicolytic 
activity of the DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no longer 
transferred efficiently to the quenching dye, re 
suJtinK b» an increase of the reporter tlyu fluores- 
cent cinkiloii (ip^ctro, VCR primers und |>robuN 
were design ml foi the iiuman fnelor VI 1 J se- 
quence and human p-actin gene, (as described in 
Methods). Optimization reactions were per- 
formed to choose the appropriate probe und 
magnesium concentrations yielding ihe highest 
Intensity -of reporter fluorescent signal without 
sacrificing specificity. The Instrumcnl uses a 
charge- coupled device (i.e., CCD camera) for * 
measuring the fluorescent emission apectm from 
500 to fi$0 nm. Ilach PCU tube was monitored 
sequentially for 2ft rnsue with continuous moni- 
toring throughout the ani|>lifie;vLion. Uach tV(bc 
wa« re-exan dried every B.5 »ec. Computer sof(- 
wure. was designed to examine the fluorescent In- 
tensity of both the reporter dye (KAM).and 
the quenching dye (TAMiLA). The fluorescent 
intensity of tbe quenching dye, TAMRA, changes 
very little over the course of the PCR am pi I II* 
cation (data not shown). Therefore, the Intensity 
of TAMllA dye emission serves as »ti internal 
.nlandard with which 1o nortimlbie the reporter 
Oyt: (1 ? AM) emission varintJoitfl. 7*he software enl- 
culalc* a value termed ARn (or AR(i) using the. 
foliowlng equation; ARn-(Rn J ) (R"'). where 
Hn 4 . emissloji hilcjishy of loporter/emis^ion in- 
tensity of quencher at any given time in ft rot*e 
rlon tube, ami Rii -emission intemsitity of re- 
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poner/emlsslon )iiu*mily uf qucn<:Uer measured 
prior lo I'CK iiniplilication in ihnt same ruction 
tube. For the purpose of quantitation, the lasi 
three data points (AKm) collected during The ex- 
tension step for each K:K cycle were analyzed 
T)jc micleolyiic degradation of the. nyuritliy-tiion. 
probe occurs during the extension phase or I'ut, 
and, therefore, reporter fluurcscent cniiaMun in- 
creases during this time. 'Hut iluw daifl point* 
were averaged for each KJK cycle and the mctui 
value fur each was plotted in an -"amplification 
plot" shown In J'ltfurc 3 A. The AKn mean value is 
plotted on ihe v«axis, and time, represented by 
cycle number, is plot I art on thv,x-axis. During the 
early cycles of the PCR amplification, the ARn 



value remains at base lino When sufficient hy- 
brid] /-all on probe has boon cleaved by the Tu/f 
polymerase iniclcsAfic activity, the intensity of re- 
porter flunrcAccm emission liif.*ruutwb. Most l>C:U 
ampliriv^llons read) a plateau phono of reporter 
fluowM-wil omission if the rcttuli un Is carried nu1 
lo high cycle uujuIhtin. The amplified ion plot lii 
examined euily in lh« reaction, at a point lhai 
icprcscnts ihf log phase of produci arnnnula> 
lion. This is dom: by assigning an arbitrary 
ihreshold thJl in based on the variability of the 
tern-Uuc duu. In Figure 1A, the Ihrtahold wassci 
at 10 standard deviations above, the mean of 
base line emhmon calculated from tydo 1 lo 1 5. 
Once the threshold is chosen, the point at which 
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Flqure \ PCR product detection in real time. (A) The Model 77O0 >uftware will consiruct a !J pl,fi f ai ^ n J >l ? t * 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined 1rom the data points collected from thft base line of the amplification ploL O, values are 
calculated by determining the poim at which the fluorescence exceeds a threshold limit (usually 10 times ine 
standard deviation of the base line). (S) Overlay ot amplification plots of serially (1:2) diluted human genomic 
DNA somolcs amplified with ft-actin primers. (O input DNA concentration of the samples plotted versus ^. T . *» 
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the amplification plot cro&scfl the threshold'!* cle 
fined as C r , C r is reported a* the cycle number ;n 
till?: point. Ar will be demon st rut od, lh« C, value 
1st piedicdve of the quantity of input target. 

Cy Values Provide a Quantitative Measurement* or' 
Input Targer Sequences 

Figure IB shows amplification plot* of 2i«<chTfc»'- 
ent PGR amplifications overlaid. The amplica- 
tions were performed on a 1:2 serial dilution •«« 
human genomic DNA. 'fhc amplified target w:u 
human [J actln* The amplification plots Khifl to 
the right (to higher threshold cycles) na the input 
large! quantity is reduced, 'Jlw. is expected ho- 
cutUKU raactionK with fewer starting roputx of the 
target molecule require greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence. An arbitrary threshold of 10 stan- 
dard deviations above the base line was used to 
determine the O r values. Figure 1C represents the 
C r values plotted versus the sample dilution 
value, Each dilution was amplified in triplicate 
amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. 'Die C T values decrease linearly with increas- 
ing target quantity, Thus, C, values can be used 
as a quantitative measurement of the input target 
number. It should be noted that the amplifica- 
tion plot for the 15.6>ng sample shown in I'lguro 
1H does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
The 15,6-ng sample also achieves endpoint pla- 
teau at a lower fluorescent vaJuc than would he 
expected based on the input I>NA. This phenorn. 
cnon has been observed occasionally with other 
samples (data not shown) and may be attribut- 
able to late cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that the flattened slope and early plateau do not 
impact signlfltiAiitJy the calculated O, value us 
demonstrated by the fll on Hie line shown in 
Figure 1 C. All triplicate amplification* resulted in 
very similar C- values— the standard deviation 
did not exceed 0.5 for any dilution. This experi- 
ment contains a > 100,000-fold range of Input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
.quantitation. The linear range oi fluorescent in- 
tensity measurement of ihc.AUI Trlatn 7700 &e- 
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merits over n very large i*;mj>e **f rs»Uilvr» starting 
target quantities. 

Sample Preparation Validation 

Several parameters influence the onMeleury nf 
PCM amplification: magnesium and salt conceiv 
nations, reaction conditions (i.e., time, nnd tem- 
perature), PClt target size and composition, 
primer sequences, and sample purity. All of the 
.above factors are common to a single VCR assay, 
except sample to sample purity. In an effort to 
validate the. method of sample preparation for 
the iactor Vill assay, PCk amplification reprnduc. 
ibility and efficiency ol JO replicate sample 
pre] mirations were examined. After genomic DNA 
was prepared from the TO replicate samples, the 
DNA was quant haled by ultra violet spectroscopy* 
Amplifications were performed analyzing p-aciin 
Kwn: content in 100 and 25 in; of total xenomk* 
DNA. Each VCR amplification was performed in 
triplicate. Comparison of G r values fur each trip, 
iicate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Tabic 1). I'hercfore, each ol the triplicate VCM 
amplifications was highly reproducible, demon- 
strating that real time PCR using this instrumen- 
tation introduces minimal variation Into the 
quantitative J'CK analysis. Comparison of tin: 
mean values of the 10 -replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for p-ac/Un gene quantity. The highest C? 
difference between any of rhe? samples was 0,S5 
uiul 0.73 for the 100 and 25 nf? samples, respec- 
tively. Additionally, the amplification of each 
sample exhibited an equivalent rate of fluoro 
cent emission intensity change per amount of 
DNA target analyzed ns indicated by similar 
slopes derived from Ihc sample dilutions (Pig. 2). 
Any sample containing an excess of a 1'CK inhibi- 
tor would exhibit a greater measured 3-actin G r 
value for a given quantity of UNA. In addition, 
the inhibitor would be diluted along with (hit 
sample in the dilution analysis Z), altering 
the expected C,< value change. Each sample am- 
plification yielded a similar result in the analysis, 
demons (rating - that tins method of sample prepa- 
ration is highly reproducible with regard lo 
sample purity. 

Ouantitadve Analysis of a Plasm id After 
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Table 1. Reproducibility of &«mpl« Preparation Method 



1 



7 
8 
9 
10 

Mean 



100 ng 



Sample 

no. C T 



standard 
mean deviation 



CV 



18.24 

18.23 

10,33 

18.33 

18.35 

1ft. 4 4 

18.3 

18.3 

18,42 

18.15 

18.23 

1S.32 

18.4 

1838 

18.46 

18.54 

1 8.67 

19 

18.2B 

18.36 

18.52 

18.45 

1B.7 

18.73 

18.18 

18.34 

18.26 

18.42 

18.57 

7 8.66 

0 io) 



13.27 0.06 



18/* 7 0,06 



18.34 
18.23 



18.7-1 



18.55 
18.<12 



0.07 



0.08 



10.12 0.04 



0,21 



18.39 0.12 



18.63 0.16 



1B.29 0.1 



0.12 
0.17 



0.32 

O.V 

0.36 

0.46 

0.23 

1.26 

0.66 

0.83 

0..M 

0.65 
0.90 



20.48 

20.55 

20,5 

20.61 

20.59 

70.41 

20,54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68. 

20.87 

20.63 

21.09 

21.04 

21 .04 

20.67 

20.73 

20.65 

20.98 

20.84 

20.75 

20.46 

20.54 

20.48 

20.79 

20.78 

20.62 



25 ng 



standard ^ 
mean deviation CV 



20,51 0.03 0.17 

0.11 0.54 

20.54 0.06 0.28 

20.43 0.05 0.26 

20.73 0.13 0.61 

21.06 0.03 0.15 

20.68 0.04 0.2 

20.86 0.12 0.57 

20.51 0.07 0.32 

20.73 0.1 0.-16 

20.66 0.19 0.94 



(or containing a partial cDNA for human factor 
Vlll, pl-BTM. A scries of trarisfectjom was act 
up using a decreasing amount of ihc plasmid K (40, 
4, 0.5 , and 0.1 u,g). Tw^iuy-Tour hours po.%1- 
traiuifct'tinn, total HNA wn$ purified from each 
flask uf (.rib. p-Aclin gcinnjuajiLlty wa* cIjox-jj a* 
it value for normalj/.atiwn of Ke.iiomii'. ONA con- 
cemruUoii from each sample. In this expeiimenl, 
|i-actin gene content should remain constant 
relative to coral genomic ONA. Figure 3 shows the 
result of the p-actln DNA measurement. {100 jig 
total DNA determined by ultraviolet spectros- 
copy) 0t" each siiii/plc. Kach sample was analyzed 
in triplicate and the mean p-actin Cj values of 
the triplicates were plotted (error bars represent 
r+-»-wit»rri Hwwiafmn) '1 hp htnhtw iiiffrrrnrr 



lH*tw4tni any iwo samplci moans wax O.f 5 C,- Ten 
nanograms of total UNA of each sample were also 
examine*! for 0-aciln. The results h^uJij showed 
that very similar amounts of genomic UNA wore 
present; 'the. maximum mean p act in c";, val in- 
difference wa.s 1.0. A3 Figure 3 shows, the rate of 
fj-aetin C r change Ixawecn the 100 and JO-ng 
sample* was similar (slope values ryng« hwtwoen 
3,56 and -3.45). This verifies again that the 
method of .sample prcpuroilon yields sa.tnpl«s of 
identical PCR integrity (i.e~, no sample contained 
nn excessive ainouni of a ?CR inhibitor). How- 
ever, these results indicate thut cadi sample con- 
tained slight Uiffei ei7C.es in the actual amount of 
genomic ONA analyzed. Determination of actual 
yunumic ONA concentration was accomplished 



o r r\ F7h 



r* r* r> s\ f\ t *- o irv t 



PHONE No, : 310 472 0905 



Dec. 05 2002 12; 24AM P16 



Wi Ai f IMI- OUANTITATIVH PCI? 



21 ■ 
M.8 

10 

1&b 



* 9 

* 9 

?• 4 

• ♦ 3 

O » 

a a 

* A 

* in 



1-S 1.4 




1,6 1*0 1.7 1JS 1.0 

log (ng input genomic DMA) 



M 



Figure 2 Sample preparation purity. 1 he replicate 
samples shown In Tablo 1 wore also amplified In 
tripicate using 25 ng of each DNA sample. The fig- 
uie shows the input DNA concentration (TOO and 
25 ng) vs. C, In ih*» lignrp, ih*» 100 nnd ng 
points for each sample are connected by a line. 



by plolUng the mean p-nctin C, value obtained 
for eaeh 100- Jig stunplu wn a p-nclin standard 
i.nrve (shown Ira Pig. T^' actual genomic 

DNA concentration of each sump!*:, «, was ob 
Ulncd l>y extrapolation t«> tliw X-axii. 

Figure* 4A shows the .measured (l.tt. r \wn\* 
normalised) quantities uf factor VJ)J pin Kin id 
DNA (pWM) from each of the four transient cell 
transections. 'Each reaction contained 100 ng of 
total sample DNA (as determined by UV spectro* 
copy)- l : ACb sample was analyzed in triplicate 
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> 94. 



23 



Z2f. 



21 



20 



40 «9 
• A 0.1 mo 



0.B 



1.4 



i 

1.8 



4' 



2.3 



1.4 1-0 
log (ng Input DNA) 

Figure 5 Analy*h uf tidiisfectcd cell DNA quantity 
and purity. I he DNA preparation!* of the four 293 
cell transactions (40, 4, 0.5, and 0.1 uxj of pF8TM) 
were analysed for the 0-actln gene. 100 and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM that was transferred, the p-actln 
C T values are plotted versus the total Input DNA 



|>c:r< amplification*. As shown, pPBTM purified- 
>fujic Jbc 29'A colls decreases (mean C, values in- 
cw.t-n';' with decreasing amounts of plasmid 
itrumii'Ucd. The mean C L values obtained for 
pF&TM inTtgurc 4A were plotted on a standard 
uurvc cc*niprl.Hed uf sciluHy diluted pKHTM, 
shown .in figure 4R. The quunlily uJ pl-KTM, h, 
found in each of the four transections w;is do- 
tcrmined by extrapolation to the or axlfc of the 
standard curve in Pigurc 41*. These uncorrected 
values, b, for pVKTM were normally^! to deter- 
mine the actual amount of pP8'lM found per 100 
ng of genomic DNA by using Ihe equation:. 

(y x 10 0 ng actual pFBTM copies oer 
T 100 ng of genomic DNA 

where a •- actual -genomic DNA in u .sample and 
U i- pPBTM copies from the standard curve, The 
normalised quantity of pl'BTM per 100 ng of ge- 
nomic DNA for each of the four Iranatecilons h 
shown in figure 'Hi cm: roull?i A how mai ihc 
quantity of factor vin piasztUU associated wni» 
thO 293 cellN, 21 hr «ftcr irujusfvUitin, di:i.i4:.ise?. 
with Occzv'cislUK piwiiinu) unji.inuiatiOij used In 
the transection. The quantity of pl f «TM nwocJ- 
atea with 293 cells, after trnnsfcctlon vvhil 40 ixg 
of niMsmid, was 35 pg per 100 ng genomic DNA. 
Tills results in -520 plastnid copies per cell. 



DISCUSSION 

We have described a new method lor quontitnt* 
in£ gene copy numbers using feaMlmc analysis 
of PCR amplificationx. Reai-tlmc PCK ^ awnpat- 
ible with either of the two FC:i< (KT-PCR) ap- 
proaches: (1) quantitative tonipciitivo where An 
iiiteinul cum|iClhor for each target .sequence iy 
used for normah^aUon (data not shown) or (2) 
quantitative comparative PCK ush;g n numMliM- 
tion gene contained within the sample (I.e., |3-nc- 
tin) or a "housekeeping" gene for RT-PCK, \f 
equal amounts of nucleic acid arc analyzed for 
e;ic:li sample and if the ampHflcaUon effiueru-.y 
before quantitative analysis ^^ identical for each 
sample, the Vnrernal cud hoi (nuimali^ilion gtne 
or competictjr) should give equal MgnaU for al) 
samples. 

The real-time PCH method offers several ad- 
vantages over the other two methods currently 
employed (see the introduction). I ; irst, the real- 
time PCK method is performed in a doscd-tube 
system and requires no post-PCR manipulation 
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Fl g .ir« 4 Quantitative- Analytic of pFSTM in transfcctcd cell*. Amount of 
plasmid DMA used for I he trunsfeciion plotted ogainsi the khwm C, vulue deter- 
m rStt f ° r pr8TM rcmalni,, SJ fa after transection. <fl,Q Standard curve* of 
pF-RlM and respectively. pf0TM DNA <tf) and genomic. ONA (Q were 

diluted SArlally 1 ;5i before amplification with the appropriate primers. The f*-actin 
standard curve wav usod lo normalise the results of A to 1 00 fig of genomic DNA. 
(0) Tho amount of pPSTM present pi:r 100 tig of genomic DNA. 



of S/impli,-. Therefore, I In* potential for PCK con- 
lamination in the laboratory is red viced because 
amp] ! Hod products cam b<» annlyved and disponed 
of without opening tlu» ruction tubes. Second, 
this method suppoxU the um? of a liormiili^itku] 
gene (Lc, P-actin) for quantitative. PCR or house- 
keeping genes for quantitative RT-1'CU controls. 
Analysis is performed in real time during the Jog 
phase of product accumulation* Analysis during 
h>K phase permits many different genes (over a 
wide input target range) to be anaiy/cxl liniuluv 
lUTousJy, without concern of reaching reaction 
plateau at different cycle*. Tins will make lnultl- 
gene analysis assay? much ca.Mvii to develop, be- 
cause individual interna] uiinpelUoi* will m>l be 
needed for each gene under analysis. Third, 
ad m pic throughput will iiu.iea>c Or uma lically 
with the new method because, there is no post- 
PCR processing time. Additionally, winking In a 
^6- well format is highly compatible with auto- 
mat ion technology, 

The real-time PCR method is highly repro- 
ducible. Replicate, amplifications can be anulyneU 



for c-ach sample minimizing potential error, The. 
systttm allows lor a very large assay dynamic 
runge fupprosiching 1,000,000- fold starting Uii- 
gcl). Ualng u .standard curve for the target o] in* 
tervst, relative copy number values can be elcicr- 
mlncd for any unknown hample. MuorescerM 
threshold values, C r , conrJatr. linearly with rela- 
tive DNA copy numbers. Ileal tunc quantitative 
K'i-PCU methodology (Gibson et ah, this Lwuct) 
h^.i absobecin de veil oped. Finally, real time quan- 
titative I'Ol methodology can be used lu develop 
high-throughput jcrccnlng fliway.s for a variety of 
applications [quantitative gene c*pie&&ioii (KT- 
PCft), gene copy n.-ways (Mcr2, II1V, etc), £cm> 
typing (knockout mouse analysis), and Immuno- 
PCUJ. 

Real-time POU may aUo be performed using 
intercalating dyes (Higuchi ct ul. .1992) such as 
cNhJdium bromide. The fiuorogenic probe 
method offers a mafor advantage over Inter- 
calating dyes- greater specificity (i.e., primer 
dlmvrs and .nonspecific PCR products are not de- 
tected). 
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METHODS 

Generation of it Flasmld Containing a Partial 
cDNA Tor Human Factor YIH 

Total HNA v<u harvested (KNA*nl U from Tel Tc«r Inc., 
J-rjendswood, TX) from ev)t> tt^iwfected with a fnetur VI II 
expression rector, pC:iSZ.tk4&U (Koum el dl. 1986; Gor- 
man r.l al. 15>90>. A factor VIII ]>urllal chNA wpjwuv WOX 
^tiu.rMca by ITV \>CM |<:oncAmp \W. iTth ItNA l>f.U KH 

(pan NoOK-uv/y, rt Applied biosy«cms, I'ostvt City, tiA)J 

U»lng (Ik- PC*" jatiiiiur* Wfor *»»d I'Hrev (|viim*r KrcrueurrS 

arc ahown below). 'Hit- ampllcon was feamp lifted oaIhr 
hkhIUivO I'ofnr and Wrcv primers (dpix'iuU-d with Haw/IU 
and ftfwIUJ restriction *ltc sequences «t the V endf unri 
clonal l"t<> jXil'-M- 32 (Promi^o cu>rjv Mtidwoii, Wl). The 
resulting clone, pVSTM, was used lor transient transfectjon 
of 293 cells. 

Amplification of Target PNA ami Duccilon of 
Amplicon Factor VIII Ptasmid DNA 

(ph"8TM) was amplified wllh the piitmri* IWor S'-CC.c:- 
<iTCi(;<^\A<.iAU:jtJAl^i lCiTO-3' and l ! Srcv A'-AAACCn- 
t^OCtrrOCaA'JXitrrACJCi-.H'.llic tvnvlUui produced v *S7.% 
up k:k product. The forwurcl primer was dolxncd u> icv 
ognlr.c u unique M'lpii'ini* ftmiid In the 5 f unirandAted 
region of thu patent pG152.tt\Z51> pldMiml find ilnticfore 
does iiu( K'^iH"^' amplify the human factor VIII 
gene, I'rimnrfi wore chosen with the avsiirtvnrp of ihecom- 
pulcr program Oligo LO (NwUoiihI UUweienves, Ine„ Ply. 
mouth, MN). The human p-actln gene whs amplified with 
the prime™ Il-ut lJn forward primer S^TCACOOAOA<rn!T 
GCCCATO'AOC'JA-.V and P-actiu inverse piifncr V.CAC*. 
COGAACCClfD'CA ru;<:c^AJ GG-3'. The reaction pro- 
duced a 295- hp pC:u product. 

Amplification reactions (50 pJ) contained a DNA 
sample, )0X PCU lluffitr II (S pd), 200 dATP, dOTl\ 
itGTP, and 400 |tM riUTP, 4 mu MgCI ?t Unlls Ampll 
Ttuj DNA poiymcia*c» 0,5 unit AmprVrnse uracil fV-Rty- 
t:n*ylu»c {UNO), £0 pmok- of each foetoi VI!) jtrlmvi, unci 15 
pniol<» of tmeh |t stctln pi liner. 'Hut ioat tU)iv>, i:ontalnc<i 
one" of ihe foMowtn^ detect i<m pr«i»*»jt (loo nvi nub)- 
i'8jir«.a><- A'<KAM)Ac:crr<ri*c:cu(:t:T<icrin , (yrrr<:rci , r- 

GCCTT(TAMRA)p 3' ttud fj-actnt probe 5 r (FAM)ATC!Wt:- 
Xa'AMKA)CCCCCATGCCATCp-3' where p indicates 
phnsphoiylrtlirtn nnd X Indicates a linker arm nucledtUle. 
Reaction luUw wrtv MtcruAntp Optical TuIks (part J\um- 
l.jerNkOI 0933, Vcrtdn Ulmor) tl»at wore fro e tod {A IVrliln 
Hlnicr) to prevenl li^lit /rom /cflcclh^, *l\il>c cflpi were 
ilniil^i* id Mic*n>Atiip Unpn but specially dciiftncd to pre- 
vent Ugl it *vattvr'nt)(..AU ol i\%<* VCM hUfiiMumiihU** wero 
( Jic.d Ivy PK Applied llioiystcno ClWy, CA) except 

thr fuctor VIU priiuera, which wen* synthesl/rd «l Ccnvn 
lech, Inc. (South Prunclsco, CA). Prolnw wi-rt* dc*sJj;nwl 
lining the Oliyo 4.0 .noftwarc, following giilcU'lhivs kuk- 
^csieo in tnc Model 7700 .Sequence Pcurtor hi.Kiiuiiinii 
manual. Briefly, prubc T„ &}iituUt he fli least 5 W C )i I r 
mail the annculliiM leiupvMliirc: used durl/ij; Ihrrmtil ey- 
rhng; primers should not foim sUltW duplexed willi the 
probe. 

The tlicriu^l I'yrllng conditio ivs Included 2 juln fd 
S0 K 'C and 10 ruin al 95"C. Iliexinal cycling procrr<led with 



reactions were performed in th<» Model 7700 Sequence IV- 
t«1«tr (l»U Apphed UtosiyKluuiw), ufhlrh coiUahis ^ Gcne- 
Anip l»< :U Systwm Iteacllon wndition* wcrr- prn. 

^ruilllltcd mm .i I'wwot Mncint«Mh V100 (Apple CWmpnier, 
Roma Clara, linked djrvnly to the Model WOO .V- 
quciKv iXdector* AnalyvU of data w*« iwrf/irmcH nn 
the MHt intrrth computer, f junction and «nfllyKlft toflwure 
wx\% devclo|u»d nt l*K Applied Blosyxtuius. 

Transection of Cells with Factor VIII Comlruct 

J-Viur I17.S flasks of 293 cells (ATC-C CHU. 157H). ?» human 
fetol kidney suspension cell line, were Hr»wn [a 80/M> con- 
lluency IttnafceK'd pl'KTM. Cells were K")wm in tint 
Allowing mcdlA! S0% HAM'X HI 2 without GHT, 50% low) 
glucose nuJhceoo's rnodlflrrt Kaxlcinediuin (UMKM) with* 
oin glycittc wiUi sodium bicarbonate, 10% ietal Inmne 
serum, 2 iiim L^iulmnlnc, and 1% pcniolliu-strcptomy* 
*.ln. The media ww d ranged 30 rnln Mt*«. the transfce 
tion, plUTM DNA amount* of 40, 4, 0.S, and 0.1 m; were 
iidtted tt> 1..S ml of « solution containing 0.125 m CmO* 
and 1 x Ml'J'KS. The four mixhirvji were k-ft at room tem- 

pv/wture fc« lO mln and then iiiUUnl dnipwlsc to die cellar. 
The n»>k> wvi»\int.ul>ulod at 37°C and 5% CO. for 24 hr, 
wished with PUS» smJ niAuspcndcd In PUS. The rt'KiiH 
jn-ndv^l cell* were divided into vKquotn und DNA wfti ev- 
' faulted luimcdlutcly uniiiR Ihv QIAump KUmkI Kit (Qi^en. 
<U)«l^m>rti), VA), DMA wu.s duted Into 200 ^l oi 30 i-.w 
Trls-IICJ ut pll 8.0, 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repress ible promoter, and (it) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24.3. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISP-3 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not' 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6), Dsn then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3/3 (GSK-3/3) resulting in an increase in 
j3-catenin levels. Stabilized j3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and- binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-catenin levels (9). APC is phosphorylated by GSK-3/3, binds 
to 0-catenin, and facilitates its degradation. Mutations in 
either APC or 0-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-p superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwri), and siamois 
(2). A recent report also identifies z-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
. Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF10Q777, 
AF100778, AF100779, AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 jig of poly(A)"** RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 u,g 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WlSP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 u-M of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and gIyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2 (Act > where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The H'VS/'-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on j3-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-L The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of ^40,000 (M T 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 24). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of ^27,000 (M T 27 K) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig. 1. WISP-1 and WISP-2 are induced by Wnt-1, but not WnM, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 /xg) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP-1 -specific probe 
(amino acids 278-300) or a 190-bp WISP-2-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human /3-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (£). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISPS, To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISPS cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
' human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3/1). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISPS are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, . similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 35) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (5) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISPS 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2. Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 £-//). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




Fig. 4. {A , C, £, and G) Representative hematoxylin/ eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power {A and #), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (£ and F),. expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod - 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
. assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISPS was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISPS in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one (P = 
0.166). In addition, the copy number of WISPS was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP-I genomic DNA in colon cancer cell 
lines. (A) Amplification in ceil line DNA was determined by quanti- 
tative PCR. (5) Southern blots containing genomic DNA (10 /ig) 
digested with EcoRl (WISP-1) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-I probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means £ SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The' data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-foid. 

DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes .CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through j3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin ct v fc serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
- tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-j31, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-I and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply. WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP- J 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP'2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and /3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in. tumor development. , 
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Wc have developed a novel "real flnw" quantitative PCR method. The method measure PCR product 
accumulation through a duaHabdul nuoK*enlc probe {i.c„ TaqMan Prob* This method provides ; vwy 
accurate and reproducible quantitation of gene copies. Unlike other quantitative PCR methods, real-time PCR 
does nor require poM-PCR sample handling, preventing potential PCR product carry-over contamination and 
resulting hi much faster and higher throughput assays. The real-time PCR method has a very large dynamic 
rantre of starting target molecule determination (at least five orders of magnitude). Real-time quantitative 
PCR b extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis has 
had an important rote in many fields of biologi- 
cal research. Measurement of gene expression 
(RNA) has btv.il used extensively In monitoring 
biological responses lo various slimuli (Tan el al. 
1994; Huaiift et al. I995a,b; Prud'homme et al. 
1995). Quantitative gene analysis (T?NA) has 
In-cn used to dttitsrmine the getum te quantity of a 
particular gene, as in the case, of the human H1LR2 
gene, which Is amplified in -30% of breast tu- 
mors (Slamon et al. 1987). Gene and genome 
quantitation (DNA and UNA) also have been used 
for analysis of human immunodeficiency virus 
(111V) burden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; Platak et al. jw:sh; 
J'urtado et al. lTOS). 

Many methods have been described for the. 
quantitative analysis ot nucleic acid sequences 
(both for RNA and DNA; Southern Vj/b; Sharp et 
al. 19K0; Thomas *19H0). Recently, PCR has 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase: (K'O-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has made pos- 
sible many experiments that could not hove been 
performed with traditional methods. Although 
PCR has provided n powerful tool, it is imperative 



that h be mcU properly for quantitation (tt»«y- 
maekeTs 1995). Many early reports of quantita- 
tive: PCR and RT-PCR described quantitation of 
the PCR product but did not measure* the initial 
target sequence quantity. It is essentia) to design 
proper controls for the quantitation of the initial 
target sequences (Pcrrc 1992; Clement! et al. 
100?) 

Ki'.sfcurchcrs have developed several methods 
of quantitative PCR and RT-PCR. One approach 
measures i'CR product quantity in the log phase 
of the read Ion before the plateau (Kellogg et al. 
1990; Pang et al. 1990). This method requires 
thai each sample has equal Input amounts of 
nucleic add and that each sample under analysis 
amplifies with identical efficiency up to the. point 
of quantitative analysis. A gene sequence (mn- 
tallied in all samples at relatively constant quan- 
tity such as p-actln) cam be us«d for sample 
amplification efficiency normalization. Usintf 
conventional methods of PCR detection and 
quantitation (gci electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for both the taTget gene and the 
normalization gene). Another method, quantita- 
tive competitive (QC) -PCR, has been developed 
and is used widely for PCR quantitation. QC-PCR 
relics on the inclusion of an internal control 
competitor in each reaction (Becker-Andre 1991; 
Matak ct al. I093«,b). The. efficiency of each re. 
action is normalised to the internal compel iior. 
a knnwn amount of Internal competitor £an be 
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addod to each sample. To obtain rotative n"&ni- 
ration, the unknown target PGR product is com- 
pared with the known competitor t'CU product. 
Success of a quantitative competitive VC\i assay 
relies on developing an internal control that am- 
pim™ with the same efficiency as the uugvi mol- 
ecule. "1'Jic design of the coiupetltui and the vali- 
dation of amplification efficiencies acquire a 
dedicated effort. However, because Qcr-lKlR does 
not require that PCU ptoducts be analyyxtd during 
the log phase of the amplification, it is tin; easier 
«r (he two methods to use. 

Severn I detection xystcim aie u*ud for quan 
Utative PCR and UT-PCU analysis: <1) ugiiroso 
gels, (2) fluorescent labeling of POU products and 
detection with Incurr-induced fluorescence vising 
capillary electrophoresis (Fusco ct al. 1995; Wil- 
liams ei al. 1996) or acrylaiuide gels, and (3) plate 
capture, and sandwich probe hybrid Izaliott (Mul- 
der el al. 1994). Although these method* proved 
successful, each merliod requires post -PCR mui- 
tlipiilatlons that add Time to the analysis and 
may lead to htburutoiy <. nitlitinination. The 
sample throughput of these method* i.s 1 1 jn I led 
(with the i-xccpilon of the plate capture ap- 
proach)- and, therefore, these methods are not 
well >uited fwi u>c* demanding high snmplc 
throughput (I.e., screening of large numbers of 
blotuwlciulc* in AWiAy/An^ .Sampled fwi diagnos- 
tic* or clinical IrioKs). 

Here, we report the: development of ;i novel 
tissay for quantitative DNA analysis. The assay is 
bf*s«?d on the usr of the 5' nuclrfc.se assay first 
described by Holland et al. (1993), The method 
uses the 5' nucleate Activity of 7Yi*/ polymerase to 
cleave a nonoetcndJblc hybrid I /.at ion probe dur- 
ing the extension phnar of PGR- The approach 
uses dual-labeled fluorogcnic hybridisation 
probes (Lcc. et it). 1993; Hauler ct ah 1995; Mvok 
et «], 1^96o,b). One fluorescent dye serves as a 
reporter |FAM (i.e., 6-carboxyfluoreseein)| and its 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA (i.e., 6-carboxy-t etra methyl- 
rhndaminc). The nuclease degradation of the hy- 
bridization prohe releases the quenching of Ihe 
I'AM fluorescent emission, resulting in an In- 
crease in peak fluorescent emission at SJg rim, 
The use of <i sequence detector (Abl Prism) allows 
measurement of fluorescein spectra of all 96 wells 
of me thermal Cycler continuously during the 
1'CR amplification. Therefore, the reliction* air 
monitored in real litue. The output data is de- 
scribed and quantitative analysis of input Uiget 
l )NA sequences is discussed below. 



RESULTS 



PCR Product Derectlon in Rwrfl Time 

The gold was to develop a high-throughput, sen- 
sitive, and Accurate gene quantitation assay for 
use in monitoring lipid mediated iharapouric 
gene delivery. A plasmld encoding human factor 
VIII gene sequence, pl'8TM (see Methods), wms 
used as a model iherapetitie gene. The assay usr* 
fluorescent Taqwan methodology and an instru- 
ment capable of measuring fluorescence in ro;il 
time (Alii Prism 7700 Sequence TVlcelnr). The. 
Taqumn reaction requires » hybridisation pmhr 
lalxdcd witli two different fluorescent dyes. One 
dye Is a reporter dy« (I'ANd), the other in X quench- 
ing dye (TAMRA). When the proU: i.s inlacl, fluo- 
iesccjil energy transfer occurs and the reporter 
ciyc fluorescent emission is absorbed by the 
quenching dye (T AM ft A). During ilie extension 
phase of the PCK cycle, tlut fluorescent hybriri- 
i/^lit>n probe K cleaved by the 5'-T nuclcolytic 
activity of thr DNA polymerase. 0i» cleavage of 
the probe, the reporter dye. emission is no longer 
transferred efficiently to the quenching dye, re 
sultii 'K hi mi increase of the reporter dye. f!uc>rcfc- 
ce."t ^nralon ftpectra, PCU primers und probuN 
vyere designed fot lliu Jiuman factor VJU se- 
qviencv and human p- act In gene (as deaeribed in 
K(«thod.%). Optimization rcactloj^s were per- 
formed to choose the wppropriute probe und 
magnesium concentration* yielding the h^bes* 
Intensity of reporter fluorescent signtil without 
sacrificing specificity. The Instrument uses :i 
charge-. coupled device (i.e., CCD camera) for 
measuring the fluorescent emission apectru from 
Fm(H) in <\$0 nn». Kttch VCAX lube was monitored 
.sequent! idly for 25 rnsct; with continuous moni- 
toring thvoughotit th« aniplificLttkm. liach lube 
wa5 re-examined every B»5 set-. Oomputcr soft- 
ware, was designed to examin? the fluorescent In- 
tensity of both the reporter dye (1WM) and 
the quenching dye (TAMRA). The ihiorcsccnt 
intensity of the quenching dye, TAMRA, ehtmgcs 
very little over the course of the PCR ampllfl* 
cation (data not shown). Therefore, the intensity 
of TAMHA dye emission server as an 'internal 
sldiidard with which to norma lUws the reporter 
Oyi: (1 : AM) emission variations. The software eal- 
culales a vahn: termed ^Kn (or AI^Q) usln^ the. 
following equation i AlKn - (Un J ) (nn*"), where 
Hn 4 . euilsHluji inleji^ily %>t reporter/emission in- 
lensity of quencher at any given time In ft retic 
rlon tube, and Ru ^emission intensilHy of re- 
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poncr/cmisslon huemity i>f qucm:Wer measured 
prior lo rCH amplication in that same reaction 
tube. I'or the purpose of quantitation, the \m 
three data points (ARm) collected during the ex- 
tension step for each J'CK cycle w«rc analysed. 
The nudeolytic degradation of the. liyuiidiy-ition 
pfobc occurs during ihc extensjun phase of rt at; 
and, therefore, reporter fluorescent cnmnion in- 
creases during this time. Tin: thjcu data points 
were averaged for each l J CK cycle and the mean 
value for each was plotted in an "amplification 
plot" shown in J'itfurc 3 A. The AKn mean value is 
plotted on the y-axis, and time, represented by 
cycle number, is plotted on thv*-*xU. During tilt 
early cycles of (he VCM amplification, the ARn 



value remains at base Jino When sufficient hy- 
bridization prubc has been cleaved hy the Tmi 
jxilymenise nuflftAAC activity, thu intensity of re- 
porter flviorcvtccm emission liijureaKet. "Most iK'lW 
amplifications reach ii plateau phase of reporter 
fiuurvM-itiil omission if the rcuutitui 1ft carriwl nul 
to high cycle number. The- amplification plot ]9 
examined vuily iri lh« reaction, at a point IhAl 
■ uju-cscnts ihv lOfl phase of prudmri arrumula» 
lion. This Js done hy ustignlng an aibitjiuy 
threshold thai is bused on the variability of the 
base-line dyu. Jn Figure 1 A, the threshold whs set 
til 10 standard deviations above the mean of 
base Unci emismou calculated front tydci 1 lo 1 5. 
Once the threshold Is chosen, the point at which 
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Figure 1 PGR product detection in real time {A) The Model 7700 software will construct amplification iploti 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined from the data points collected from the base line of the amplification plot C, values are 
calculated by determining the point at which the fluorescence exceeds a threshold limit (usually 10 times the 



standard deviation of the base line). (B) Overlay ot amplification plots of serially O-^ ^^^^f^^ 



DNA samples amplified with fl-actin primers. (Q Input DNA concentration of the samples plotted versus Cj- 
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the amplification plot crofted the threshold'^ tie 
fined as C,. C, is reported u* the cycle number at 
till?: point. Ar will be demonstrated, I hi* C, t .value 
Is pietliitive of the quantity of input tnrge.t. 

Cj Values Provide a Quantitative Measurement, of* 
Inpur Target Sequences 

Plgurc IB shows amplification plot* of l£f<1i¥fcv. 
ent PGR amplifications overlaid, 'l*he amplify 
tionfs were performed on a 1:2 serial dilution 
human genomic JWA. The amplified target vwu 
human p octln, The amplification plotK Khifl to 
the right (to higher threshold cycles) ns the input 
(^rgot quantity is roducod. 'iTur. is expected he- 
vitum niaetloriK with fewer startine, copies of tile 
largei molecule require greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence. An arbitrary threshold of 10 stan- 
dard deviations above the base line was used to 
determine the O r values. Figure 1C represents the 
C T values plotted versus the sample dilution 
value, Each dilution was amplified in triplicate 
PCR amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C T values decrease* linearly with increas- 
ing target quantity, Thus, O r values can be used 
as a quantitative measurement of the input target 
number. It should be noted that the amplifica- 
tion plol for the lS.fvng sample shown hi Figure 
IK does not re.fle.ct the same fluorescent rate of 
increase exhibited by most of the other samples. 
The 15,6-ng sample also achieves endpoint pla- 
teau at a lower fluorescent vaJuc than would he 
expected based on the input J)NA. This phciumi* 
cnon has been observed, occasionally with other 
samples (data not shown) and may be attribut- 
able to lata cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that the flattened slope and early plateau do not 
impact significantly the calculated O, value us 
demonstrated by the fit on Die line shown In 
Figure 1 C. Ail triplicate amplifications resulted in 
very similar Cr values— the standard deviation 
did not exceed 0.5 for any dilution. Tills experi- 
ment contains a > ] 00,000-fold range of Input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range oi lluorcsccni in- 
tensity measurement of ihc AIM l»rlam 7700 Se- 
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merits over n very huge r^n^r nf rflaiivr* uarthip, 
target quantities. 

Sample Preparation Validation 

Several parameters influence the cfUcW'iuy •>*" 
PCIR amplification: magnesium and salt concen- 
trations, reaction conditions (i.e., time and ie.m- 
poruture), PCK target size and composition, 
primer sequences, and sample purity. All of The. 
above factors are common tti a single Villi assay, 
except sample to sample purity, in an effort to 
validate the method of sample preparation lor 
thciactor VIJ1 assay, PCR amplication reproduc- 
ibility and efficiency ol JO replicate sample 
pii'fiaratiOTis went examined. After genomic DNA 
was prepared from the 10 replicate samples, ihc 
DNA was quantified by ult/avlolcl spectroscopy. 
Amplifications were performed analyzing p-aciln 
XCtu: content in 100 and 2$ u% of total genomic 
UNA. fcach I'CK amplification was performed in 
triplicate. Comparison of C r values for each trip', 
iicate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Table 1). Therefore, each ol the triplicate PCM 
amplifications was highly reproducible, demon- 
strating that real time FCJt using this Instrumen- 
tation introduces minimal variation Into the 
quantitative J'CR analysis. Comparison of the. 
mean values of the. 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for p-acUn gene quantity. The highest C; T 
difference between any of rhe samples was 
and 0,73 for the 100 and 25 ng samples, respec- 
tively. Additiona/ly, the amplification cjf each 
sample exhibited an equivalent rate of fluores- 
cent emission intensity change per amount of 
DNA target analy7ed as indicated by similar 
slopes derived from the sample diluiions (Pig. 2). 
Any sample containing an excess of a I'CK inhibi- 
tor would exhibit a greater measured (3-actJn c; T 
valuc for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with the. 
sample in the dilution analysis (Hg f 2), altering 
the expected C r value change. Each .sample am- 
plification yielded a similar result in the analysis, 
demonstrating that this method of sample prepa- 
ration is highly reproducible with regard to 
sample purity. 

Ouantitadve Analvsis of a Plasmid After 
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Table 1 . Reproducibility of (*mple Preparation Method 



5 
6 

; 

8 
9 
10 

Mean 



100 ng 



Samplo 

no. C T 



standard 
m&an deviation 



CV 



18.24 
18.23 
.10.33 
18.33 
18.35 
1M4 
18.3 
18.3 
18,42 
18.15 
18.23 
18.32 
18.4 
18.38- 
18.46 
18,54 
18.67 
19 

18.2B 

18.36 

18-52 

18.45 

1B.7 

18.73 

18.18 

18,34 

18.26 

18.42 

18.57 

1 B.66 

(1 10) 



10.27 0.06 



18/* 7 0.06 



18.34 0.07 



18.23 0.08 



10.-12 0.04 



18.74 0.24 



18.39 



18.S5 
18.<12 



0.12 



18,63 0.16 



18.29 0.1 



0.12 
0.17 



0.32 

0,3? 

0.36 

0.46 

0.23 

1.26 

0.66 

0.83 

0,55 

0.65 
0,90 



20.48 

20.S5 

20,5 

20.61 

20.59 

70.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 

20.87 

20.63 

21.09 

21.04 

21.04 

20.67 

20,73 

20.65 

20,98 

20.84 

20.75 

20,46 

20,54 

20.48 

20.79 

20.78 

20.62 



25 ng 



standard 
moan deviation CV 



20.51 0.03 0.17 

70.54 0.11 0.54 

20.54 0.06 0,26 

20.43 0.05 0.26 

20.73 0.13 0.61 

21.06 0.03 0.15 

20.68 0.04 0.2 

20.86 0.12 0.57 

20.51 0.07 . 0.32 

20.73 0,1 0.16 

20.66 0.19 0,94 



tor containing a partial cDNA for human factor 
vni, pi-8TM. A scries of transfectiom was sot 
up using a decreasing amount of ihc plasmid\40, 
4, 0.3, and O.I pig). Twnmy-rour hours po.sl- 
tra'ttfet-iinn, tola! frNA was pur! fled from each 
flask uf veils. p-Aclin gene quantity was chosen as 
a value foe norma lUal iwri of ^cnumic. IWA con- 
centration from each sample. In this cxpeiiweiit, 
(i-actin gene content should remain constani 
relative to coral genomic UNA. Figure 3 show* the 
result of the p-actln ONA measurement (100 ng 
total DNA determined hy ultraviolet speetros* 
copy) oi each sample. Kaeh sampte was analyzed 
in triplicate and the mean (i-actin values of 
the triplicates were, plotted (error bars represent 



v.^rt ft'*** «t cirri rttnHaliOni 



1 h#» htphpsr «iifffrrnrr 



lK»tw<taii any iwo sample* moanic was OS.) S C,.. Ten 
nanograms of total UNA of each sample were also 
examined f^r fl-acllm Hie results again >ln>wed 
that very similar amounts of genomic 1>NA were 
present; the maximum mean |i actio (";, value 
difference wa.s 1 .0. A3 figure 3 shows, the r;ite of 
fi-aetlii C r change l*-tween the 100 and 10-ng 
Siwni>le.-» was simitar (slope values range* butwbon 
3.56 and -3,45). Thl* vcri/ies again that 4 he 
method of .sample preparation yields samples of 
identical ?CM integrity (i.e., no sample contained 
an excessive ainuuul of a PCR inhibitor). I Tow* 
«vcr, those results indicate that each sample con 
talncd slight differences in the actual amount of 
genomic ONA analyzed. Determination of actual 
uenuuiic ON A Concentration was accomplished 
90RH Z0S6 091 6fr6 XVd 00:ST 200Z/SO/ZT 



From : BML PHONE No. : 310 472 0905 Dec. 05 2002 12:24AM P16 



m \\ TlMh QUANTITATIVE PCR 
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Figure 2 Simple preparation purity. 1 he replies to 
samples shown In Tabl<? 1 wore also amplified In 
topical e using 2S ng of each DNA sample, The fig- 
uit shows die input DNA concentration (TOO and 
25 ng) vs. C, In ihr- lignrp. ihp 100 and ng 
points for each tarnple are connected by a line. 



1 jy pi oiling the mean (i-actin O, value obtained 
fOT each 100- Jig tftunplu on a p-aclin standartl 
i.-urve (shown In Wg- 40). The actual genomic 
ONA concent rit1l»»» <»f each 5ump1«» was ob 
tallied l>y extrapolation to tliw A';»*i&. 

Figure 4 A shows the measured (I.u. f n*>rt* 
normalised) quantities of /actor VJJJ pluHmid 
DNA (pWM) (ton* each of t1«: four transient cell 
tratisfactiona. Each reaction contained 100 ng of 
total sample DNA (as determined by UV spectros- 
copy). Vsxch sample w;is analyzed in triplicate 



25 



23 



22 



21 



20 



y* 27.73 j ^^fll. 1 



DpgTM tmnsfaotod 
i 0-1 MO 



0.B 



1 



1.2 



1.4 1-tf 1.8 

log (ng fnput ONA) 

Figure 3 Analybl* uf ti detected cdl DNA quonlity 
and purity. I lie DNA preparations of Uic four 293 
cell transfeclions (40, 4, 0.5, and 0.1 ng of pF8TM) 
were analyzed for the 3-actln gene, 100 and 1 0 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM thai was transfectcd, the fi-aciln 
C T values are plotted versus the total Input DNA 



]H:U amplification*. As shown, pl'BTlvi purified 
>func Jbc 293 cells decreases (mean C, values in- 
cru^ti; with decreasing amounts of plasmld 
,trumU'UC&. Thw inc»i» C"^ values obtained for 
pFfcTM inTlgurc 4A were plotted on u standard 
curve comprised of sei hilly diluted pKHTM, 
shown .in figure 4R. The quunllly uJ pI'KTM, b, 
found in each of die four transections was de- 
termined by extrapolation to the x uxk of the 
Mandard curve In l'igure 4R. Thttsc uncorrected 
values, b, for pVHTM were normal iy-od to dtticr- 
minc Uie actual amount of pl'8TM found per 100 
hk of genomic DNA by using Ihe equation:. 



Mt(X) ng 



actual pF8'l*M copies per 
100 ng of genomic DNA 



90RH 



where a - actual genomic DNA in u sample aiid 
/; w. prH'I'M copies from the staiidurd curve. 'H»e 
notmiiJiy.cd quantity of pL'BTM per 100 ng of 6** 
nomic UNA for c<ich 6/ the four tninAfections Is 
shown in Hgure 4JJ. iliot: roullJi Micrw mat the 
qunntny of factor vin pUsiuiU <i«t>duted wiih 
tnC cells, 21 lir after iry;usfv:cti«in, di:i.ii:.isi:s- 
wltli decreasing pJHtimti} ctiuiAinLiAtJoij u.sc-ct hi 
the transection. Tin: quantity of pl'B'JM nssocJ- 
ateu wnri 293 cells, after trumfccUon with 40 u,g 
of pii-jsmid, was 35 pgper 100 ng genomic 1.>NA. 
Tills results in -520 plasuiid copies per cell. 



DISCUSSION 

We have described a new method for quantitnt- 
iuft gene copy number* using raaMlmc analysis 
of PCK arnpHficatlnnK. Real-time FCK is compat- 
ible with cither of the two PCR (KT-PCR) ap- 
proacho: (1) quantitative comfjctitive where an 
internal cuinpcllLai' for each target .vequenee iy 
used for normaliKaUon (data not shown) or (2) 
quantitative comparative 1 5 CK u^ing ti uujnndi^ci- 
tioix ^eiie contained within the sample (i.e., p-nc- 
tm) ox a "houstikeeping" gcnt»- for UT-KJ-K. ff 
equal amounts of nuclcie add are analyml fur 
each sample and if the amplification vf/kiwicy 
before quantitative analyst l^ identical for e«di 
sample, the Internal con (ml (nui miili^nloM gene 
or competing) should give equal ^nalfr for ol) 
samples. 

The real-time PCR method offers several ad- 
vantages over ttic other two methods currently 
employed (see Ihe introduction). Tirst, the real- 
time PCR method is performed in a do.scd-Uibe 
system and requires no post -PCR manipulation 
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Figure 4 Quantitative nnalyui* of pFSTM in transacted cell*. (A) Amount of 
plasmid DNA used for I he trunsfection plotted against the mean C, vutue deter- 
mined for pffiTM remaining 7A br after transection, (0,0 Standard curvns of 
pPftTM and fi-actln, respectively. p r 8TM DNA (0) and genomic. ONA (Q were 
diluted ftArbljy 1 :S before amplification with the appropriate primers. The p-actin 
standard curve* wa*. used to normalise the results of A to 1 00 f hj of genomic DNA. 
(0) The amount of pFSTM present per 100 ng of genomic DNA* 



of simple. Therefore, I hi* potent i«] for PCK con- 
in ml nation in the laboratory is reduced because 
amplified products can he. analysed and disponed 
of without opening tlu» ruaction tubes. Second, 
this method suppoiU the u.se of a m#rm;i1i>v ( ith>ii 
«enc (i.e., (3-actin) for quantitative PGR or house- 
keeping genes for quantitative RT-1'CU- controls. 
Analysis Is performed in real time during the Jog 
phase of product accumulation. Analysis during 
lug phase permit* many different genes (over a 
wide input target range) to he analysed simuha- 
ncously, without concern of reaching rend ton 
plateau at different cycle*. Ttiis will make mull I- 
gene analysis assays much cut lei \\t develop, be- 
cause individual internal umipelilOi> will mil be 
needed for each gene under anaJyat*. Third, 
aamplc throughput will inn carve 0 r «ntialiu<tJly 
with the new method because there is no po.it- 
VCR pmcensing time. Additionally, winking In a 
°6-well format Is highly compatible with auto- 
mation technology. 

The real-time PGR method is highly repro- 
ducible. Replicate, amplifications can be analyzed 



for ^aeh sample minimizing potential error. The. 
sysutin allows 1 fc>r a very large assay dynamic 
range (approaching 1,000,000 -fold Mailing tai- 
gel). U.alng u .standard curve for the target oJ in- 
terest, relative copy number values can be deter- 
mined for any unknown nujiiuIv. fluorescent 
threshold values, C p coneJair. linearly with rela- 
tive DNA copy numbers. Keal time quantitative 
H'M'CK methodology (Gibson et al v diis l.wuft) 
ha* alio been developed. Finally, real time quan- 
titative I*CU methodology can l?c used lw develop 
high-throughput screening nasay* fwr n variety of 
applications fquainJlntlYC gene c*£riea&ion (RT- 
rCR)j Rene copy nrwayj* (Mcr2, 131V, etc.), geno- 
typlng (knockout mouse analysis), and lnmiuno- 

porj. 

Real-time PC-It may al.w he performed using 
intercalating dyes (Higuohi cl al. "WW) such as 
etJvldium bromide. The fluorogenic probe, 
method offers a major advantage; over inter- 
calating dyes— greater specificity (i.e., primer 
dtmvra and nonspecific POR products are not de- 
tuned). 
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METHODS 

Generation of <i Piasmtd Containing a Partial 
cDNA Tor Human Factor VIII 

*l'OW I KNA w<o htirvrMcd (ltNA*r*l I* (mm Tel rest, Inc., 
rrK'ndawood, TX) from tifJ1> h*nafe<led wllh a fnetur VIII 
expression vector, pCJS2.Uv?.M J (KaUm el al. 1V86; <3or» 
man et al. 1900). A facLor VIII partial chNA wjtiemv WAS 
^enemled by UT WM |<ioncAmp ia iTlh ItNA \*CM Kit 

(pan Ntum-ov/s, rh Applied hiosysicms I'ostei c;ity, CA)J 

using Ok- I»c:u primers ]?8for mul Pftrcv (primer sequence* 
are shown below), The amp] Icon was reamplifiid aslnR 
modified I'tifor anci i*rcv primers (apncmlrtl with 
and Hbn\Ul restriction site sequences hi ihv v end* »od 

clonal !"!<> pti KM- 3Z (lVonu^u Corp., MudwGtf, WI). The 
resulting done, pWHTvf, was u.vtl lor transient transfcciJon 
of 293 cell a. 



Amplification of Target DNA ami Ducciipn or 
Amplicon Factor VIII Plasmid DNA 

(pK8TM) was amplified wllh the (niiiK-ii YH(ut 5'-<;<;c:- 

<rmc:<;AACMu:jUAi;uicmV3' and |J»rcv 5'-aaac;c;t- 

t^OC;CrOGAJXt(rrAc:C!-3'.'l1i«ri.m LUui produced w 
rip K:K product. The forward primer wu* designed lu iu- 
ognlxe tt unique M-ipieiue fimnri In the f>' untranslated 
rejpon of the. panritl pOS2,tH25l> pldMiiid mtd therefore 
does nut ivuiih"^' amplify the human factor VIII 
gems I'rimoffi wore chosen with the Bvvivt**""'^ of I he com- 
puter program Oil go (Nutiimal llio,scicnccs, hn\» Ply- 
mouth, MN). The human p-actm gwic was amplified with 
the prim en JHw-iin forward primer S ' -TCACOOAOAt TVCYV 
GGCCAT<7I'AC:C;A-.V and fi-aetin reverse piimcr V.CAC- 
CGGAACc:C:frix:ATK;c:(;AATGCi-3\ The reaction pro- 
duced a 2V5 hp pfiu product. 

Amplification reactions (SO pj) contained « DNA 
sample, 10X PUt liuffitr II (a ^1), 200 dAVP, JCIT, 
dGTP, and 400 p,M dUTI\ 4 mx< M^CI^ Units Ampll 
7Vn; DNA polymerase, 0,5 unit AmpKraw uracil /V-«iy- 

t:n*ylu*c (UNO), 50 pinole of each foek/i VIII jtrlmci, und 15 
pinole of uui'.li |t ac.lln p< liner, 'l1«f leaetUm*. ako t:t>nltdncd 

one of the following detect inn |>mi»rx (i no ii m nu h j » 
j'»j>n»iio A'(iurwf>Ac:crj^rj , cc:A<:trr^t:rrt'<;'i , 'iT<:TCJ T i*- 

GCCTT(TAMRA)p 3' «ucf p-nt-lin probe 5 r (rAM)ATGf.X:c:- 
XCTAMKA)CCCC^;ATCCCATCp-3 , where p indicates 
pfwwphnrylAtirtrt nnd X indicates a linker arm nucleotide. 
Reaction UiIk-» wrn* Mic:n>Aft\p Optical Tubes (part fium- 
brr NkOI OO.'tX, Pexldn Umei) tJiat wure frottod (al JVrkfn 
Tinier) to prevent Nyht from /cflccUnp, Tube copi were 
slmibv tn Mien >A mp c;nj)a hut specially ck^iftrtcd Lo pre- 
vent ll^ht »eut(i.TMi2{' All <ti (li<- IK IK wUni^winulvU-* wcro tfup- 
|/l»%:d 1>y PK Applied Woaynlema (IW*ter C\Uy, CA) except 
the factor VI 11 primers, wlifi'h weic xynlhesi/cd ul Cvmvh 
tech, Inc. (Smith Pranclsco, CA). Probes wi-n- dosJ^ncd 
using the Oli^o 4.0 software following gnldclliiei: mi** 

jjcsieci in tnc Model 7 700 .sequence Peimor lii^tiunenl 
manual. Jirlcfly, probe 'l' m i)itiiild he al least 5 U C hlfjlirr 
man Thr aruu-ulliiM lempvjrtlurc: uwtl during (hrrmal cy- 
rlittg; primers should not fujm Nt.iljk- duplexed with tin* 
prohe. 

The ihenuol cycling cuiidiUoivs Included 2 jubi at 
50 V C"; and 10 niin at 9S"C. 'Hiejtnal cycling procrrcled with 
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reactiout; wore |>erfoniH'd in th<» Morlol 7 700 .Sequence Hc- 
|e*lor (Pt AppMed Utu^luitiv), t^liirh contains * Ociu • 
Amp »*<^ SyMwm W00O. Uc ; at:llon condition^ w*rr- pro* 
grailtllluU on ,t I'iiww MacintiMh V100 (Apple f/j.irnpntpr, 

Santa Claru, c;A) linked direoly to the Model '/Win Se- 
quence 1 Elector. Ana1y«U *>f data w»v aUu p<Tf/»rmcd on 
the Mm-lotosh computer. ( ^olloctlmi and «nalyslK «>ftwaro 
ww dcvek>|wl Ht I»K Applied Blosynlwins. 

Tran»rection of Cells with Factor VIII Coiirtruu 

Pour -ri7.S Haski- of 293 cells (ATOC C:U1. 1573), ;> humnn 
fetal kidney Fiwpention coll line, were H^nwn to o0%.con- 
lluem-y and transacted pt'frrM. Cells were Rrnwn i/i thy 
following mcdlAt StW HAM'S ¥\2 without GMT, 50% Io»m 
glucose JlnltWH.NVs modified KorIo nicdiwm (l)MI^M) \vlth» 
out glycine, with sodium bicflrhtmato, 10% lcial tHwinc 
scrum, 2 :hm i.-KluUiniiHv and 1% penicilJin-strcptomy^ 
vln, 'I'hc medio wa» Jtangcd 30 mln Mo«» the Iransfec 
tion, pJOTM DNA amounts of 40, 4, 0.S, and 0.J ^li were 
aclitr.fl iw l.S ml of a solution containing 0.I25 m CluO/ 
and 1 x IIKPiiS. The four mixtures were left al room tern. 

Utt in mln and then itd*U-d Hmpwlw to die fells;. 
Tliv n*i*K> wvieWit.ubaled al 37°C and 5% C:O a ftir 24 hr, 
washed with THS, and mfln5pcndcd In PUS. The h'kiih 
pt-iiikncl cells were divided into aliquot* und UNA wAi c*. 
tT««ted Immediately ii«ug Ihe QIAu/up K'*"«l Kit (('iiapten. 
Chtttflm»rti>, CA). I>NA wn.s c-Juted hato 200 ol 30 m»m 
Trlft-ITCI ul plIH.0. 
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methods. Peptides AENKor AEQKwere dissolved in water, made isotonic with 
NaCl and diluted into RPM1 growth medium. T-cell-proliferation assays were 
done essentially as described 20,2 '. Briefly, after antigen pulsing OOjigmT' 
TTCF) with tetrapeptides (l-2mgmr'), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 nCi of 3 H-thymidineand harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 fig TTCF with 0.25 p.g 
pig kidney legumain in 500 u,l 50 mM citrate .buffer, pH 5.5, for 1 h at 37 "C. 
Glycopoptide digestions. The peptides HIDNEEDI, HIDN(N- glucosamine) 
EEDI and HIDNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy- methylated human transferrin followed by 
concanavalin A chromatography 11 . Clycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N- terminal sequencing. The lyophilized transferrin - 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mU ml -1 pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgml" 1 a- 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells 1 . Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine- rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG)\ 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy-terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6,7 , Apo3L/TWEAK t,,9 ) or OPGL/TRANCE/ 
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RANKL 10 " 12 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity {K d = 0.8 ± 0.2 and 
U±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble-FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
—0.1 u,gml" 1 . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results 13 , activation 
of interleukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes i ' 14 " lh . Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from —65% to 
—30%, with half-maximal inhibition at — lugml" 1 ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL' 7 . 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and the AMinked glycosytation site (asterisk) are' 
shown, b. Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and btots of poly(A)* RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL, peripheral blood 
lymphocyte. 
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Figure 2 Interaction of DcR3 with FasL a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area), TNFR1 -Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE. phycoerythrin- 
labelled cells, b, 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFRt, DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated with TNFR1 -Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d, Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Ftag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR) 18 in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig, lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM2 18xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clones insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3 -linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre* of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand-family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG 2,19 . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasL;. Sngml -1 ) oligomerized 
with anti-Flag antibody (0.1 u.g ml -1 ) in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human IgGl arid assayed for apoptosis (mean ± s.e.m. of 
triplicates), b, Jurkat cells were incubated with sFasL-Flag plus anti-Flag antibody 
as in a, in presence of 1 u.g mi"' DcR3-Fc (filled circles), Fas-Fc (open circles) or 
human IgG 1 (triangles), and apoptosis was determined at the indicated time 
points, c, Peripheral blood Tcells'were stimulated with PHA and interleukin-2, 
followed by control (white bars) or anti-CD3 antibody (rilled bars), together with 
phosphate-buffered saline (PBS), human IgGl, Fas-Fc. or DcR3-Fc (10 u,g ml"'). 
After 16 h, apoptosis of CD4* cells was determined (mean ± s.e.m. of results from 
five donors), d, Peripheral blood natural killer cells were incubated with 51 Cr- 
labelled Jurkat cells in the presence of DcR3-Fc {filled circles), Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of 6, Cr (mean ± s.d. for two donors, each in triplicate).- 



8 



2 

> i 

lo.5 
q: 



1AA, 



abcdefghi j klmnopqr abcde fghi j klmnopq 



10 

2 
1 

0.5 



fifljM 



u 0C u» t~ ^ £ r~ £ i- *~ 
Q 




^ \,'4£ **At;^/"'^s*?jiS*-J*| 




Figure 4 Genomic amplification of DcR3 in tumours, a. Lung cancers, comprising 
eight adenocarcinomas (c, d, f, g, h, j, k, r), seven squamous-cell carcinomas (a, e ( 
m, n, o, p. q), one non-small-cell carcinoma (b), one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means z s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means ± s.e.m. of five experiments done in duplicate, c, In situ hybridization . 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S). blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d. Average amplification of DcFt3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward, Rev and Fwd), the 
DcR3-linked marker T160, and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's Hest 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin-1 has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L". Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR- family member is 
OPG 3 , which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L' 9 . Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. □ 



Methods 

Isolation of DcR3 cONA. Several overlapping ESTs in Gen Bank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR- generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical' in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described 23 . 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL 4 (2 jxg), together with pRK5 encoding CrmA 
(2p,g) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fc or TNFRl-Fc and then with phycoerythrin -conjugated 
streptavidin (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immunoprecipitation, Human 293 cells were transfected as above, and 
metabolically labelled with [ 35 S]cysteine and [ 3S S] methionine (0.5 mCi; 
Amersham), After 16 h of culture in the presence of z-VAD-fmk (10 u.M), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5 |xg), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL (1 u.g) (Alexis) was incubated 
with each Fc-fusion protein (1 u.g)„ precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag- tagged soluble FasL (25 fig) was 
incubated with buffer or with DcR3-Fc(40 u.g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 1 00 u.1 aliquots into microtitre 
wells precoated with anti-human lgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 
702 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICD. CD3 + lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 u-gml" 1 ) for 24 h, and cultured 
in the presence of interleukin-2 ( 100 U ml -1 ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later.by FACS analysis of annexin-V-binding of CD4 + cells". 
Natural killer ceil activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with 5l Cr-loaded Jurkat cells at an effector- 
to- target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target-cell death was determined by release of 51 Cr in effector- target co- 
cultures relative to release of sl Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplificatfon analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR 1 ' 
using a TaqMan instrument (ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to —500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3 -specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5 '-(FAM-ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5 '-fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 UCT) , where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous £ coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains 1 . In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of 5. typhimurium and £. co/i u " 8 is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM 6 . The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity 8 , and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 1 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex 8 . 

The overall shape of the crystal structure of the HisP monomer is 
that of an T with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded p- 
sheet (p3 and p8-pl2) spans both arms of the L, with a domain of a 
a- plus p-type structure (pi, p2, p4-p7, al and a2) on one side 
(within arm I) and a domain of mostly ot-helices (ct3-ot9) on the 
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Figure 1 Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A. comparable to that of membrane. a-Helices 
are shown in orange and p-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The p-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I, as shown in a. towards arm II, showing the ATP-binding 
pocket, a-c, The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 29 . N, amino terminus; C, C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbBZ 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene- copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. J. 
Cancer 78:661-666, 1998. 
© J 998 Mley-Liss, Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et al, 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ (1 lql3), and erbBl (17ql2-q21) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erbB2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns et al, 1992; 
Schuuring et al, 1992; 9tamon et al, 1987). Muss et al (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy, 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et al (1987) between 
erbBl amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage rumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et al, 1996; Heid et 
al, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et al (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et al, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5 '-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et ai, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (it) the C, (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why Q is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C, 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndl and erbB2), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southern -blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 1 8 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-rime PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring Q and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3. in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et ai, 1994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N*\ and is determined as follows: 

copy number of target gene (app, myc, ccndl, erbBl) 

N = •■ . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-EImer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvem, PA) and 
probes from Perkin-EImer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-EImer Applied Biosystems, 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with ' 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10" 7 (10 5 copies of each gene) to 
10" 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at -80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 ng). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCl 2 , 1 .25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 1 0 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-EImer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C t and determines the starting copy number in the 
samples. 



GENE AMPLIFICATION BY REAL-TIME PCR 



663 



Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbBl proto-oncogenes, 
and the P-amyloid precursor protein gene (app), which maps to a 
chromosome region (21q21.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et aL, 1994). The 
reference disomic gene was the albumin gene {alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 2 copies or as 
many as 1 0 5 copies. 

Copy-number ratio of the 2 reference genes fapp and albj 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin {alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10 5 (A9), 10 4 (A7), 10 3 (A4) to W (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C t (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
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duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app, 21q21.2; alb, 4q 1 1 -q 1 3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et ai, 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA, The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and erb£2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 18 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for mvc; 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1 .3 (mean 0.9 1 ±0.19) for erbBl. Since N values 
for myc, ccndl and erbB2 in normal leukocyte DNA consistently 
fell between 0.5 and 1 .6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and erbB2 gene dose in breast-tumor DNA 

myc, ccndl and erbBl gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbBl (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for erbBl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (TI33) and non-amplified (Tl 18). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbBl and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbBl in I case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0.5), suggesting that they bore deletions 
of the 1 7q21 region (the site of erbBl). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbBl amplifications 
had previously been done on the same 108 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N ^ 5). However, there were cases (1 myc, 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND erbB2 GENES TN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 


2-4.9 




myc 

ccndl 

erbBl 


0 
0 

5 (4.6%) 


97 (89.8%) 
83 (76.9%) 
87 (80.6%) 


11 (10.2%) 
17(15.7%) 
8 (7.4%) 


0 

8(7,4%). 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage rumors, cytopuncture 
specimens or formalin-fixed, paraffin -embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in rumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et al, 1994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et al, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables Q to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C t value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
C t ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR-does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disa vantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et ai, 
1996; Slamon et al., 1989), However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature. (;) Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et al, 1994). (//) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Berns et al., 1 992; Borg et al., 1992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- 
tion, confirming the findings of Borg et al. (1 992) and Courjal et al. 
(1997). (iV) The maxima of ccndl and erbBl over-representation 
were 1 8-fold and 1 5- fold, also in keeping with earlier results (about 
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Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Tl 1 8 (E 1 2, C6, black squares), Tl 33 (Gil, B4, red squares) 
andT145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Berns e/a/., 1992; Borg etal. 1992; Courjal et 
ai, 1997). (v) The erbB2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et al, 1995; Deng et ai, 1996; Valeron 



et ai, 1996), Our results also correlate well with those recently 
published by Gelmini et ai ( 1 997), who used the TaqMan system to 
measure erbBl amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS 1 



Tumor 




ccndl 






alb 




Hccndl/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


T118 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Nccndi/alb) is determined by dividing the average ccndl 
copy namber value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erbB2) observed by means of real-time 
quantitative PCR as compared with Southem-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et al, 1992; 
Slamon e/ a/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbB2 (but not of the other 2 proto- 
oncogenes) in several tumors; erbB2 is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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